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FOREWORD

b b

HiTHERTO the works published on ““ Radio ”” and ‘‘ Television " in this
country and in the United States have been of two distinct classes—works
of an advanced nature appealing only to the comparatively few who have
a scientific knowledge of these subjects and can readily understand a
mathematical approach, and popular works more suitable for armchair
reading. A work which would cover every phase of Radio and Tele-
vision Engineering from many viewpoints and which would appeal to
radio maintenance engineers and employees in the industry has been a
long felt want. To meet this growing demand has been the aim of the
Publishers and Author in the production of Modern Practical Radio and
Television ; this work will also meet exactly the needs of the many
National Service personnel who have acquired a good knowledge of
specialised Service equipment, and who wish to mould this knowledge in
order to make the best possible use of it in the radio industry.

Service and maintenance are treated comprehensively and provide
information for those with a fully equipped service workshop at their
disposal equally with those who possess the minimum facilities. The
section dealing with Television covers a wide field and introduces many
circuit arrangements and valve types, which are unknown tc those who
have not studied this particular field of the electronic art. There is also
a section of Low Power Transmission and chapters dealing comprehen-
sively with Frequency Modulation, Car Radio, Electrical Interference
Suppression, and other specialised subjects.

The illustrations, which are an outstanding feature of Modern Practical
Radio and Television, number over four hundred, including a special series
of oscillograms which have all been prepared under the personal super-
vision of the Author.

The Publishers and Author alike offer this latest treatise on Radio and
Television to all those connected in any way with this subject, with com-
plete confidence.

The Author would like to thank in particular Mr. W. H. Date for his
willing and constructive help at all times. In addition he would also like
to thank the artists and others who have worked unceasingly to make
Modern Practical Radio and Television possible.

C. A. QUARRINGTON.
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MODERN PRACTICAL RADIO
AND TELEVISION

VOL. 1

CHAPTER 1
SOUND

SouNnD has been chosen as the subject-matter for the opening chapter
of this work. It might be argued that the principles of radio technique
should take precedence, but the reason for the popularity of radio is the
ability to transmit sound from one place to another ; furthermore, before
attempting to understand the principles and application of radio com-
munication, it is both logical and necessary to acquire a knowledge of
the principles of sound, as the nature of this phenomenon exercises a
wide influence over the design of both the transmitter and the receiver.

Sound is often regarded as something emanating from, say, the string
of a violin or the impact of a hammer on a piece of wood ; this belief
is not strictly accurate, as sound should be regarded as a phenomenon
peculiar to and arising in the ear of a human being or animal. If a
bomb is exploded in the middle of the Sahara desert at a place so remote
that no living creature is within earshot, there will be no sound. True,
the explosion of the bomb will cause considerable air displacement and
radiate a complicated set of vibrations, but unless these strike a living
eardrum the explosion of the bomb will not have caused any sound.

Starting, then, with the conception that sound is a function of the ear
and its associated nerves and brain, it is necessary that its limitations
should be appreciated ; quite apart from the need for a proper under-
standing of the nature of sound-wave formation, the study of sound-wave
mechanics serves as an excellent introduction to radio waves, as they are
more tangible and therefore more readily understood.

Wave Motion.—If a stone is thrown into a lake it will cause a series of
waves to radiate from the point where the stone entered the water, and
from the behaviour of these ripples three things may be observed. First,
the wave motion will travel outwards at an even speed until it has travelled
such a distance that it has died away. Secondly, it can be seen that as
the disturbance dies down the speed of the motion is still unchanged.
Thirdly, if a leaf or other floating object is situated within the disturbed
area it will rise on each wavecrest and fall with each trough, but it will
not change its position.

Two conclusions may be drawn from this simple experiment, the more
important of which is that the wave motion is purely a displacement of

I



2 SOUND

water in the vertical direction and not a movement in a horizontal plane ;
in other words, the energy expended by the stone hitting the water has
travelled outwards, but when the disturbance has subsided each drop
of water will occupy its original position. As a further illustration of
this phenomenon, various coloured dyes may be introduced to denote
definite zones and will remain unmixed by the passage of wave motion
except at the actual point where the first displacement takes place, due
to the entry of the stone.

If a larger stone is thrown into the water it may be observed that this
will cause waves of greater height and depth or, to use the correct term,
greater amplitude ; the leaf referred to in the first part of the experiment
will travel a proportionately greater distance in a vertical direction.
There is only one conclusion to be drawn from this simple experiment,
and that is that the amplitude of a wave is proportional to the energy
which sets it in motion. It can also be observed that the wave motion
caused by the larger stone will travel farther before it dies away.

There is one more

WAVELENGTH variable factor, and
; \ /‘\ f\ / that is the distance
between one peak
/ \/ \-/ \/ and the next. This
_ ' . ' is termed the wave-
Fig. 1.—A wavetrain oax: ns;;ll':‘:x do: :::v:i as:‘;v:jng how wavelength and l eng th. F ig. 1
illustrates diagram-
matically a succession of waves and from this illustration it may be seen
how amplitude and wavelength are measured
Bearing in mind that the distance between one peak and the next is
a variable factor and that the speed in the forward direction is constant,
it follows that the time between each successive peak passing a fixed
point is not only variable but is dependent on wavelength. The longer
the wavelength the greater will be the interval between successive peaks,
and conversely the shorter the wavelength the shorter will be the time
interval or, in other words, the greater will be the frequency of their
appearance. To summarise, a propagated wave has five characteristics :
(a) velocity, or the speed at which it travels from its source ; (b) ampli-
tude, which is the measure of its strength ; (c) wavelength, which is the
distance between each successive peak; (4) frequency, which is deter-
mined by the time interval between each consecutive peak passing a
fixed point, or, more conventionally, the number of complete cycles per
second emanating from the source ; (e) the actual shape, which is referred
to as the waveform and is dealt with in a later chapter. A cycle is a
complete series of recurring events and is one unit of wave motion.
Fig. 2 shows diagrammatically one complete cycle, which includes a
complete peak and trough, the horizontal line representing the normal
undisturbed level of the water.
Sound waves and incidentally radio, heat, and light waves are peculiar

]
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SOUND 3

inasmuch as they travel at a fixed speed irrespective of amplitude, wave-
length, frequency, and in fact any consideration other than the medium
through which they travel. Sound waves travel in air at 1,088 feet per
second, and radio, heat, and light waves, to mention a few examples,
travel in free space (the ether) at 186,000 miles per
second. If a bell is struck it vibrates at a frequency /\
determined by its mass, which we will assume is

such that it vibrates at 500 times per second ; this

mechanical movement will alternatively compress \/
and rarefy the air immediately surrounding the bell, g, ,_one complete
which will in turn compress and rarefy the next  cycle; aseriesof cycles
“layer ” of air, and in this way the alternating foma s;z;‘:l"g}fg‘ﬁh_
changes of pressure radiate in all directions at the

fixed speed of 1,088 feet per second like an expanding ball. Each wave of
high pressure slowly dies away, to be followed by a wave of low pressure,
which is in turn followed by a wave of high pressure and so on, as long
as the bell vibrates. Assuming this wave, or sound wave as it may be
called, strikes an eardrum it will cause it to vibrate in exact sympathy
with the bell, and a 500-cycle note will be heard ; this is, however, only
half the truth, as the listener will recognise the suund as emanating from
a bell as distinct from, say, a 500-cycle note from a tin whistle.

Harmonics.—The difference in the quality between various sounds,
such as, for example, those associated with the instruments of the
orchestra, is due to the presence of harmonics. A harmonic is a subsidiary
wave, the frequency of which is an exact multiple of the main or funda-
mental wave. The second harmonic is double the fundamental frequency,
the third harmonic is treble the fundamental frequency, and so on. Thus,
the second harmonic of a 500-cycle note will be 1,000 cycles, the third
harmonic 1,500 cycles, ad infinitum.

The various instruments of the orchestra have their own characteristic
sounds ; the French horn, for example, has a small harmonic content,
whereas the violin is rich both in the number and amplitude of harmonics.

When the string of a violin is plucked it emits the fundamental note
to which it is tuned, but owing to its mechanical properties it also vibrates
at multiples of its fundamental frequency, notably at twice and five times.
Certain instruments also produce what may be termed incidental noises
such as the blowing and reed noises from the clarinet, the noise from the
bow on a stringed instrument, drum rattle from the tympani, and so on;
such noises are almost invariably of relatively high frequency and need
not necessarily bear any mathematical or musical relationship to the
fundamental note. The human voice is rich in harmonics which are
responsible for the difference between various voices and almost entirely
for the various sounds produced ; for example, a singer may sing the
vowel “ e at the same pitch as the vowel ““ 0,” but they will each be
recognised by virtue of their different harmonic contents. Figs. 3-8 are
actual photographs of the sound waveform of the human voice producing




Fig. 3.—The vowel sound ““ a.”

Fig. 4.—The vowel sound ““e.”

>

Fig. 5.—The vowel sound ““i.’

Fig. 6.—The vowel sound * 0.”

Fig. 7.—The vowel sound ““ u ” (83,
4
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Fig. 8.—The sound * ing.”

Figs. 3-8.—These illustrations are actual photographs taken with the cathode-ray oscillograph and
show the true waveforms of the sounds indicated. Taken with an f. 1-9 lens in a rotating drum
camera revolving at a speed of 70 feet per second using super-speed paper.

the vowel sounds “a,” “ e,” “ i,” “ o,” “u,” and the sound ‘‘ing.”
It may be observed that “a,” “e,” and “ i have a complicated waveform
compared to “ 0 *’ and “ However compllcated a waveform may be,

it is made up solely of a serles of pure waveforms such as that shown at
Fig. 1. This is admittedly difficult to visualise, but some aid may be
derived from Fig. 9, which shows the resultant waveform (top), which
is made up by adding together

the two lower pure waveforms.

A pure waveform is known as a JU\
sinusoidal waveform, the exact

definition of which is described U(\

in a later chapter. U\ ’\)

Itisinteresting to note that the
r
f \ I ﬂ Mt .[
U U

waveforms of the vowel sounds M
are usually quite recognisable

when produced by voices that W
are widely divergent in quality

and pitch, whereas consonant

sounds have a totally different

appearance and cannot be identi-
fied.
The Human Ear.—The fre-

: . Fig. 9.—The top wavecform is simiply the lower two
ql}enc1es of Sound.eXtend ARSI B3 lif*:aveforms corr)nbined and illusltr;a);;es that“ higtri'y
wide range, of which the human  complicated waveforms, such as those shown at
ear can detect a limited band : Figs. 3-8, are made up of two or more simple

e . ’ waves.

this is usually quoted as 15 cycles

per second to 24,000 cycles per second, but it is extremely doubtful if
such a range is audible to more than one person in five thousand. A
more reasonable estimate would be 15 to 13,000 c.p.s., although it must
always be remembered that the upper limit of audlblllty varies widely with
different individuals and also that it decreases with age. It is equally
important to remember that the sensitivity of the ear varies with
frequency, that is to say that sounds of equal volume but different pitch
will give the impression of dissimilar volume ; the average ear is most
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sensitive to sounds at about 3,000 c.p.s., and falls off above and below
this region.

The ear is somewhat insensitive to changes in volume although ex-
tremely sensitive to changes in pitch. The presence of these character-
istics is fortunate, because it is comparatively easy for a musician to
control the pitch of a note but difficult to control the volume. The
sensitivity of the ear is logarithmic,® which in plain English means that
the brain registers disproportionately an increase in volume. Because
the sense of hearing follows a logarithmic instead of a linear law, the ear
can appreciate changes over a considerable range of volume. The loudest
audible sound is some 10,000,000 times the smallest sound (called
the threshold of hearing) that can be detected. On the other hand, the
brain of the average person would only receive the impression of a change
of approximately 70 : 1.

The Decibel.—As already intimated the ear does not readily detect a
change in volume, the average person being just able to detect an increase
of 30 per cent., while an increase of 100 per cent. appears surprisingly small,
In order to measure and compare various volume levels in a manner that
gives an indication of apparent audible value, it is convenient to use a unit
called the decibel. The significance of the decibel can be more readily
appreciated when expressed in the following way. Assume that some
means is available of producing a note of constant pitch and that it is
adjusted to give a volume which can be called V,; the volume is then
doubled, giving 100 per cent. increase V,; this, expressed in terms of
the unit under discussion, is 3 decibels, and the apparent increase regis-
tered by ear would be quite small. If the volume is again doubled V4,
the increase will again be 3 decibels ; note particularly that although the
volume Vj is four times V, the increase expressed in decibels is only
doubled. If the volume is again doubled V,, the increase will again be
3 decibels, thus the volume will have been increased by eight times
although the increase in decibels is only three times ; if this is repeated
the actual increase in volume will be sixteen times and the increase in
decibels, or apparent audible volume, only four times, and so on until
such a volume is reached that the ear cannot further respond. It has
already been mentioned that the ear can appreciate changes over a
range of 10,000,000 : I, which is 70 decibels, and it may be added that an
increase of 1 decibel is the smallest change that can be detected by a
normal person ; it is conventional to abbreviate decibel by the symbol db.

Instruments of the Orchestra.—Fig. 10 shows diagrammatically the
frequency range covered by the fundamental notes of various instruments
compared with the keyboard of a full-scale piano (85 notes). It will be
observed that extensions to these frequency bands are shown dotted ; these
extensions serve to indicate in general terms the range taken up by the
important harmonics of each instrument. This table must only be accepted

! See Appendix 1.
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as an approximation, as the expression * important harmonics ”* is necess-
arily an arbitrary one, but it very readily shows the important part played
by ‘the higher frequencies in determining tone as distinct from pitch,
which is taken care of by the fundamental frequencies.

The frequency range covered by certain percussion instruments is quite

T —

<
DOUBLE BASS
TUBA
CELLO
DRUMS, CYMBALS ETC.
BASS VOICE
TYMPANI
FRENCH HORN
TENOR VOICE
VIOLIN
SOPRANO VOICE
OBOE

32

64
128
256
512
1,024
4,096
8,192

PICCOLO

Fig. 10.—The frequency range of various instruments is shown above. The solid lines represent the
fundamental notes, while the broken lines show the harmonic range necessary for true repro-
duction ; the tympani and drums have no range of notes, but a wide frequency band is covered
by harmonics, rattling noises, etc. The total scale is shown in cycles per second and extends two
octaves and two notes above a full-scale piano.

surprising ; the bass drum, for example, occupies a range of about 60 to
1,000 cycles ; the snare drum extends to well above 10,000 cycles ; and
the tympani, which has a fundamental frequency of 96 cycles, extends
from 65 to 2,000 cycles. Perhaps the most surprising example is the
noise made by heavy footsteps on a wooden floor, which produce a
prominent sound wave around 150 cycles but also produce supplementary
frequencies extending up to the region of 13,000 cycles. :

Sound waves are reflected, with very little loss, by hard substances
such as glass, metal, and concrete, and are almost entirely absorbed by
soft substances of adequate thickness such as sawdust, dry seaweed,
sacking, wadding, etcetera. The hard substances mentioned reflect sound
almost entirely independently of frequency, but soft substances and
substances of intermediate acoustic properties, such as woed, tend to
absorb high notes more readily than low notes, a phenomenon that has
to be carefully taken into account when planning large buildings such as
cinemas, or conversely when designing the speech- and music-reproducing
apparatus for use therein.

R.T. 1—2



8 SOUND

Reference has been made to the importance of the higher harmonics
without which the true characteristics of almost every broadcast item
would be lost ; it would seem, therefore, that a radio receiver should be
capable of reproducing these frequencies. Unfortunately practical con-
siderations make this impossible, for reasons which are revealed in the
next chapter. There is, however, another aspect of sound reproduction
which is of a purely personal nature.

Many receivers are fitted with a device called a tone control, the
function of which is to reduce the strength of the higher frequencies ;
bearing in mind that the reproduction will almost certainly have short-
comings in this direction, it is logical to suggest that operation of the
tone control must make reception less true. Investigations have shown
that an important percentage of the listening public prefer to use their
receivers in this manner and consider the ‘“tone’ to be improved.
Whatever individual preference may demand, a radio receiver should not
possess tone in the sense that it reproduces music in an individual manner ;
it should necessarily aim to reproduce the original programme without
loss or addition of any frequencies.



CHAPTER 2
A BIRD’S-EYE VIEW

THis work has been very carefully planned to present each phase of radio
technique in a sequence that will enable the reader to acquire, in the earlier
chapters, the knowledge necessary readily to understand the chapters
which follow.

When defining the order in which the chapters were to be presented,
the difficulty arose that certain principles are interdependent on each
other. This chapter is, therefore, devoted to a very brief outline of the
whole chain between, say, a singer in a broadcasting studio and an actual
listener enjoying the programme at home.

Before commencing this bird’s-eye view, it is necessary that one fact
should be thoroughly understood, and that is that a broadcasting station
does not radiate either sound or electricity. Admittedly, the actual
transmitter itself may be termed a piece of electrical apparatus, and
furthermore the actual electricity consumed in a single hour by one of
the main B.B.C. stations would supply the needs of an average household
for several months. A broadcasting station is electrically operated from
the microphone to the aerial, but not beyond ; the popular idea that
electricity is actually ““ given off ’ by the aerial and forms the link with
the receiving aerial is a complete fallacy.

The Microphone.—This brief survey of broadcasting is diagram-
matically illustrated at Fig. 11, and begins with the actual source of the
sound to be broadcast ; this may be a singer, a full orchestra, an announcer,
it is quite immaterial. Whatever their nature the sound waves will radiate
from their source and impinge upon a device-called a microphone, which is
placed in the broadcasting studio for that purpose. There are various types
of microphones, the most familiar of which is that used in an ordinary
telephone. A very much more elaborate instrument is required for
broadcasting, as it must respond evenly to the wide range of frequencies
necessary for the faithful handling of both speech and music.

The sole purpose of the microphone is to convert sound waves into
currents of electricity that increase and diminish in exact sympathy with
the sound wave. If, at some particular instant, a 500-cycle note impinges
upon the microphone, it will then pass a 500-cycle current.

The sound wave and resultant current will have identical frequency
and waveform, but the essential difference is that sound-wave amplitude
is expressed as air pressure, because it represents the displacement in
air ; the amplitude of the microphone current is expressed as current
which it actually represents.

9
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If the microphone is well designed the frequency of the current will
vary between 15 and 25,000 cycles per second according to the nature of
the sound being broadcast, although under normal conditions the band
will not be so wide as it is impracticable to broadcast above about 8,000
cycles. The relatively low frequencies of sound are unsuitable for radi-
ating from an aerial, and even if they were suitable a difficulty would arise
because it is necessary that the radiated wave shall have a fixed frequency
in order that it may be selected by the receiver from among the many
hundreds of stations all over the world.

The Carrier Wave.—To overcome these difficulties, the sound-
frequency wave is imposed upon what is termed the carrier wave, which
has a very much higher frequency, usually between 150,000 and
25,000,000 cycles per second. The carrier wave is produced by a section
of the transmitter called the oscillator, and in up-to-date stations the
most elaborate precautions are taken to ensure that the oscillator
frequency remains absolutely unaffected by climatic or temperature
changes.

SOUND—— MICROPHONE
WAVES MICROPHONE AMPLIFIER TRANSMITTER
OSCILLATOR MODULATOR —— H.F. AMPLIFIER AERIAL

Fig 11.—A " block diagram ”’ of the broadcasting chain showing the links
This diagram and accompanying text is based on the standard A.M. broad-

The output from the microphcne, which will have been strengthened
by a microphone amplifier, is fed to the modulator, the output from
the oscillator being similarly treated. The duty of this section is to mix
the two frequencies or, to use the correct phraseology, to modulate the
steady carrier frequency by the sound frequency.

It 1s apparent that the output from the modulator will have a wave-
form that exhibits the characteristics of both the steady carrier wave
and the sound wave imposed upon it. Fig. 12 shows the form of a
typical carrier wave ; the solid line represents the steady high-frequency
output of the oscillator, while the dotted line shows the low sound
frequency. This illustration shows very clearly how the sound fre-
quency modulates, or moulds, the shape of the carrier wave by suitably
varying its amplitude.

The next link in the chain is called the high-frequency amplifier, which
performs the sole duty of increasing the amplitude of the waveform to an
extent that is determined by the power of the transmitting station ; the
output from the amplifier is fed to the aerial system, which consists of
the aerial itself, which will have adequate height and, where desirable,
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directional properties; and of the earth system, which normally consists
of a considerable number of metal plates buried at points distributed
over a wide area.

The function of the aerial and earth system is to cause what may be
termed, at this stage, an electrical strain in its immediate neighbourhood,
which in turn causes a wave to propagate in all directions ; these waves
are similar in character to sound waves but of higher frequency, as
already explained ; but there is one essential difference between them,
inasmuch as the sound wave travels in air, whereas a radio wave requires
no tangible medium and will travel through a vacuum with the same
ease that it will travel through a brick wall or a rain cloud.

Free Space.—Many elementary textbooks refer to a radio wave as
travelling through the ether, which is a term used by scientists to mean
an unknown but infinitely elastic *“ something ”’ present everywhere, that
is to say in solid matter, air, space, everywhere. The idea of an omnipresent
ether was suggested to account for the fact that energy is transmitted
through space as, for example, the light and heat from thesun. Until quite
recently it was thought that energy could not travel through an empty
void, but this belief is not now generally upheld. In the absence of
indisputable evidence regarding the presence or absence of a medium

RECEIVER

H.F. | loutPuT| | LOUD |-sounD—>
& TUNER[—|AMPLIFIER [ DETECTOR— ‘syaAGE [—| SPEAKER |-wavEs >

between the sound in the studio and its re-creation in the home of the listener.
casting system—the new F.M. (V.H.F.) system is dcalt with in a later chapter.

through which radio waves travel, the author prefers to look upon them
as travelling through free space ; a term which will be used throughout
the remainder of this book.

A brief outline has been given of the chain of events which, starting
at a broadcasting studio, culminated in waves being radiated from the
transmitting aerial. These waves, which are in themselves of a non-
electrical character, strike the receiving aerial, are partly absorbed by it,
and cause a minute electric current to flow in exact sympathy with the
current in the transmitting aerial. This tiny current is fed to the
receiver, which for the present purpose is assumed to be of the popular
three-valve type. The first unit of the receiver is an arrangement per-
mitting it to select,
within certain limita-
tions, the {requency
radiated by any desired
transmitting station;

tl}lS = referred to in Fig. 12.—The modulated carrier wave showing both carrier and
Flg~ 1T as the tuner. sound frequencies (amplified modulation system).

~ . o -
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The feeble current is passed to the high-frequency amplifier which, as its
name implies, increases the amplitude of the high-frequency current fed
to it from the aerial.

Amplitude Modulation.—The output from the high-frequency am-
plifier will possess characteristics that are far removed from sound
frequencies, because it still combines the two products of the transmitting
station, namely the sound frequency and the carrier frequency, and in
order that audible sound may ultimately be produced it is necessary, in
effect, to get rid of the carrier wave. Reference to Fig. 12 will show that
the sound frequency represented by the upper edge of the complete
waveform is offset by its replica at the lower edge of the waveform. A
moment’s reflection will make it apparent that the average amplitude is,
in fact, zero, because each speech-frequency *‘ peak " is offset by an equal
speech-frequency “ trough”; it is necessary, therefore, that either the
upper or the lower half of the waveform be removed in order that the
other half may remain as a waveform possessing a definite rise and
fall in amplitude.

This rather complex change will be readily understood by referring

to Fig. 13, which shows
. f\/\/ the upper dotted line
; - shown in Fig. 12, but
Fig. 13.—The sound modl:)lfag?; :ir.noved from the upper half reproduced without its
inverted duplicate and

without the carrier wave, which is no longer of material importance.

The output from the detector will be a sound-frequency current exactly
like that which flowed through the microphone at the transmitting station
and will, incidentally, be of somewhat similar amplitude. This current,
although several thousand times stronger than the aerial current, is still
quite inadequate to work a loudspeaker ; it is therefore further increased
by the output stage, which is designed to produce a power output capable
of performing relatively heavy work, namely the operation of a loud-
speaker. '

There are numerous types of loudspeakers but they all rely upon some
form of diaphragm for producing sound waves. The average type of
loudspeaker has a circular diaphragm made of moulded paper about
8 inches in diameter ; it is constructed to be as light as possible consistent
with mechanical strength, and mounted in such a manner that it is free
to move backwards and forwards. |

The sound-frequency currents flowing through the loudspeaker cause
the diaphragm to move backwards and forwards in sympathy. If, for
example, the vowel sound ““ a ”’ is being reproduced the diaphragm will
move backwards and forwards in the sequence of the appropriate wave-
form which is shown at Fig. 3. For really faithful sound reproduction
the diaphragm would need to be capable of responding equally readily
at any frequency between, say, 15 and 20,000 cycles per second ; in
practice it is designed to respond to frequencies up to about 8,000
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cycles per second, because this is the limit transmitted by broadcasting
stations.

The diaphragm moving backwards and forwards causes the air to be
compressed on the forward movement and rarefied on the backward
movement, thus setting up zones of high and low pressure which radiate
outwards and form sound waves which, striking upon the eardrum of
the listener, give the sensation of sound which is a more or less faithful
replica of the sound produced in the broadcasting studio a fraction of
a second before.

The method of sound propagation has already been explained ; it will
be realised, therefore, that the actual air that was pushed forward by
the diaphragm does not travel across the room like a draught and strike
the listener, but, in simple language, the ““layer "’ of air compressed by
the diaphragm expands and compresses the *“ layer " next to it, which in
turn compresses the next *“ layer,” and so on.

Sidebands.—It has been stated that for really faithful reproduction
a range extending up to about 20,000 cycles is required ; it has also been
stated that the average broadcasting station does not transmit frequencies
above about 8,000 cycles. It isnecessary that the reason for this limitation
should be thoroughly understood, as it has a wide influence over radio
technique and the design of modern receivers. For the sake of clarity
the carrier wave has been referred to as a steady frequency ; it has in
fact a steady frequency when not modulated, ¢.e. during the programme
interval, but when modulated additional frequencies appear. If, for
example, a single frequency of 1,000 cycles per second is being modulated,
actually three frequencies will be transmitted ; the carrier frequency,
carrier frequency minus 1,000 cycles per second, and carrier frequency
plus 1,000 cycles per second. In practice, when the modulation is complex
1t occupies a definite band on each side of the carrier frequency. If the
upper limit of modulation is limited to say, 8,000 cycles per second,and
the carrier frequency is 1,000,000 cycles per second then that portion of
the frequency spectrum will be occupied between 992,000 and 1,008,000
cycles per second.

The frequency spectrum occupied on each side of the carrier frequency
is known as a sideband. The permissible sideband width is limited by the
number of transmitters to be accommodated. At the present time their
number is such that they are usually spaced 9,000 cycles apart. Conse-
quently, they are unable to transmit the higher audio frequencies because
overlapping between neighbouring stations would result. The frequency
variation in the carrier is small compared to the carrier frequency, there-
fore, comparatively speaking, it may be said to have a steady frequency.

Cycles, Kilocycles, and Megacycles.—Inordertoassist allcomparisons,
all frequencies in this chapter have been referred to in cycles per second ;
it is conventional to refer to sound frequencies in this manner, but radio
frequencies are referred to in terms of kilocycles or megacycles. A kilocycle
is 1,000 cycles and a megacycle is 1,000,000 cycles.
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As the speed of a radio wave is fixed, it is possible to convert frequency
to wavelength and vice versa. To convert frequency in kilocycles to
wavelength in metres divide 300,000 by the number of kilocycles.

To convert wavelength in metres to frequency in kilocycles divide
300,000 by the number of metres.

Similarly, to convert megacycles to metres divide 300 by the number
of megacycles.

To convert metres to megacycles divide 300 by the number .of
metres.

In this country it is a common practice to refer to medium- and long-
wave stations in terms of metres and short waves in terms of megacycles ;
the new V.H.F. broadcasting stations are also referred to in terms of mega-
cycles. In America it is customary to use kilocycles and megacycles. It is
interesting to note that American receivers are not normally fitted to
receive the long waveband, as they do not broadcast on this band.
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A highly directional

COMMONWEALTH BROADCASTING

B.B.C. acrial array comprising 14, 17 and 19 metre systems which scerve Western Australia,
Malaya, West Indies and also Central America.

[ World Radio History]
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CHAPTER 3
WAVES IN FREE SPACE

Tuis chapter is devoted to a detailed consideration of radio waves, their
peculiarities, behaviour, and the natural obstacles which control the
direction of their movement through free space. A radio wave which
would normally reach a certain receiving installation may be so affected by
influences outside human control that it may never reach its destination,
or may be so attenuated as to be useless, or may alternately appear and
disappear. It is necessary that these things should be understood in
order that the working ot devices for minimising their effects may be
readily appreciated when reading the appropriate chapter.

It has already been intimated that radio waves are similar in character
to those of light and heat and numerous other forms of energy ; although
these forms of radiation make themselves apparent in widely divergent
ways, the characters of their waveforms are similar excepting only their
wavelength or frequency. The shortest known wave that travels through
free space is termed penetrating radiation, which reaches the earth from
some unknown source, presumed to be many millions of miles out in
space, and has a wavelength of -00000000000005 metres,* while the longest
known waves are those used in radio which extend to above 20,000 metres.

The wavelengths used for broadcasting are divided into four bands,
the limits of which, unfortunately, vary owing to the lack of proper
standardisation, but for the purposes of this work the four wavebands
will be as follows :

Long waves, goo—2,000 metres (333-150 kcs.).

Medium waves, 200-600 metres (1,500-500 kcs).

Short waves, 10-100 metres (30—3 mcs.).

Ultra-short waves, (V.H.F.) below 10 metres (30 mcs.).

Ionised Layers.—The term free space implies that radio waves are free
to travel therein but does not imply a freedom from obstacles which
beset their path. At varying heights above the earth’s surface there are
layers or belts of air that have the property of bending waves ; these layers
are electrically conductive, are termed ionised layers, and are caused by a
bombardment of particles which are given off by the sun in streams
which strike the earth’s atmosphere. These layers are very variable in
character, and their height and density in any particular region alter with
the rotation of the earth, thus conditions are inclined to recur every 24
hours. Two of these layers are named after their discoverers and are called

! A metre is approximately 40 inches.
15



16 WAVES IN FREE SPACE

the Heaviside layer and Appleton layer, the others being referred to alpha-
betically. The lowest layer is in the region of 5 miles above the earth,
while the highest,
which concerns radio
reception, is about 200
miles high.

Radio waves radiate
Fig. 14.—The ground wave propagated by the transmitter (left) in all directions above

follows the earth’'s curvature and impinges on the receiving the earth’s surface. If

aerial (right). o . . . .

the receiving aerial is,
say, 10 miles away, the waves will arrive at their destination in a
substantially straight line, but where the distance is sufficiently great,
the horizon will come between the two aerials on account of the earth’s
curvature. This presents no
obstacle, providing the distance
is not too great, as the waves will
follow the earth’s curvature for
a distance that decreases with
frequency ; this is diagramma-
tically illustrated at Fig. 14.

A large proportion of the
radiated energy travels UPWards Fig. 15.—The sky wave propagated by the trans-
towards the Sky and would be mitter (left) is be'nt by an ionised layer many miles
lost in space if it were nof for %% fhe carths suace and retumus carhwaras
the bending properties of the
various ionised layers, which will deflect a wave to an extent depen-
dent on the density of the former and the frequency of the latter.
Fig. 15 gives an impression of the manner in which the transmitter * sky

wave "’ is bent so that

T it returns to earth at

a point which would
otherwise have been
out of range. It is
possible that the first
layer may exert only
a small influence on
the direction of a
particular wave, so

— — that it continues on

Fig. 16.—This illustration shows the variation in the behaviour a path away from the
of radio waves due to difference in frequency and also the effect
of ionised layers of different density. earth, but upon enter-

ing the second layer

it may bend so sharply that it returns earthward and, generally

speaking, will again suffer a slight change of direction as it passes
through che lower layer on its return journey.

The illustration, Fig. 16, shows the paths of a number of radio waves
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which, although propagated into space in the same direction and from
the same area, behave differently on entering ionised layers because of
their varying frequency ; the waves portrayed in this diagram might be
grouped under four headings ; (a) those which bend so sharply on striking
the lower layer that their path almost forms a triangle; (&) waves
which bend so gradually that they travel for a considerable distance
before returning earthwards; (c) those which pass through the lower
layer but are bent down by the upper layer, and (d) those which are but
slightly bent by both layers and either travel outwards into space, are
bent down by a higher layer, or pass through and along so many layers
that they are absorbed.

Skip Distance.—The higher frequencies, i.e. those covered by the short
and ultra-short wavebands, do not travel along the ground for any great
distance, largely due to the fact that they are readily absorbed by material
objects that they will normally encounter ; the ground wave radiated by
a short wave transmitter working with a frequency of, say, 10 mcs. may
die away after travelling only a few miles; for the purpose of this example
this distance may be nominally 20 miles. It is unlikely that the sky
wave from the transmitter will bend sufficiently sharply to come down to
earth at a distance of less than, say, 300 miles ; thus between 20 and 300
miles reception is impossible. This area is known as the skip distance.

Skip distance may occur in a number of zones ; when the ionised layers
of the upper atmosphere are in a suitable condition, reception from a
particular transmitter may be obtainable at various distances inter-
spaced by zones where reception is impossible. It is due to the phenom-
enon of skip distance that the short-wave Commonwealth transmissions
from Daventry are difficult to receive in this country although easy to pick
up in India, Australia, and the various Dominions which they are intended
to serve. Like all phenomena connected with the reflection of radio
waves, skip distance varies with the time of day, and to compensate
for this the frequency of short-wave broadcasting stations is varied
throughout the 2.4 hours so that it does not affect areas that are intended
to be served by the transmitter.

Daytime broadcasting relies almost entirely on the ground wave for
the medium and long wavebands, although long-distance short-wave
reception relies on the reflected wave during the whole 24 hours. When
a receiving aerial picks up the ground wave only the volume of the signal
will remain sensibly constant, but when both ground and sky waves are
received (the condition that will usually obtain on all wavebands at all
times, with the exception of medium and long waves during full daylight),
fading will be present. This phenomenon will be familiar to anybody
who is in the habit of listening to foreign broadcasting stations, but as
the term  fading ”’ is often confused with the term ‘‘ fade-out ™ it will
be as well to define the former.

Fading.—Fading is a periodic rise and fall in volume, which is some-
times so bad that one minute reception may be uncomfortably loud, and
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the next, die away to silence; the time interval between successive
increases and decreases may be five minutes or more, on the other hand it
may only be a fraction of a second. The latter condition will render speech
unintelligible and turn music into a farce. Fading is caused by two or
more waves which, although originating from the same transmitting aerial,
have followed different paths before impinging upon the receiving aerial,

It will be remembered that a radio wave causes a current to flow up
and down the receiving aerial in sympathy with its own upward and
downward movement ; if two waves of equal amplitude arrive by differt
ent paths, the current in the aerial will be doubled providing that the two
waves rise and fall together ; but if, on the other hand, one wave rises
to its maximum height at the same instant that the other wave falls to
its maximum depth, each will cancel the other and consequently there
will be no aerial current and no signal will be heard ; there are, of course,
intermediate stages between these two extremes. Unless the two waves
are of equal amplitude, as cited in the example above, the signal will
not entirely disappear. Suppose that a wave A had an amplitude equal
to 50 per cent. of a wave B, it is obvious that the limits of fading would
be B— A to B4+ A. When two waves or waveforms are in step, that
is to say they rise and
fall precisely together,
they are said to be in
phase, while, if they
bear any other rela-
tionship, they are out
of phase.

A few moments’

thought will show that

Fig. 17.—Under certain conditions both ground and sky wave will 1
impinge on a receiving aerial and cause the phenomenon known the two \Yaves WIH b?
as fading. in phase if the differ-

ence in the length of
their paths is an exact multiple of the wavelength, whereas, on the other
hand, if the difference of the distance in metres is an exact multiple of
the wavelength plus half a wavelength, then the two waves will be in
exactly opposite phase.

Fig. 17 shows a ground wave and sky wave both impinging upon
the receiving aerial, a condition )
which is a common cause of
fading ; the total length of the
ground-wave path remains
constant, whereas the length
of the sky-wave path con-
tinually alters due to random

ChangeS in the helght OI' CON-  Fig. 18.—Variatious in the density of an ionised layer

dition of the reﬁecting layer. sometimes cause two sky waves to impinge on the
Th It " is t fuceiving aerial, resulting in particularly bad and
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sky waves which strike the reflecting layer at different points but, due
to varying local density, bend at dissimilar angles and so meet at the
receiving aerial, see Fig. 18. Fading caused in this way is usually more
erratic, as the length of the path followed by both waves is each under-
going continuous change.

Selective Fading.—If two waves of different frequency are radiated
from the same place, one may bend more sharply than the other. It will
be remembered that a modulated wave is not radiated as a single
frequency but as a narrow band of frequencies. The station working at
a frequency of 1,000 kec. will, therefore, cover a band of 993-1,007 kcs.
If this wave strikes the ionised layer when it is in a peculiar condition it
will bend a 993-kc. wave more sharply than a 1,007-kc. wave, with the
result that the receiving aerial will pick up only a portion of the
modulated wave, which causes distorted reproduction.

This form of distortion is termed selective fading, and is distinguished
by reproduction becoming progressively less intelligible until speech
or music is reduced to a meaningless jumble devoid of the higher musical
scale. Reproduction then returns to normal, although, when conditions
are bad, it may disappear completely for a short time.

Both ordinary and selective fading are peculiar inasmuch as they may
have a profound effect on reception for an hour, a day, or a week, while,
when conditions improve, these phenomena may be practically non-
existent for a considerable period; American stations, for example,
may fade so badly and rapidly that they are unintelligible on one evening,
while on the next evening reception may be almost as steady as that
obtainable from the local B.B.C. station.

Fade-out.—Fade-out is another phenomenon which adversely affects
long-distance reception. Unlike fading, which is more or less periodic rise
and fall, fade-out is characterised by signals on the short wavebands
suddenly becoming unobtainable or else becoming very weak ; this period
of impaired reception may last for only half a minute or for an hour or more,
and then terminate by reception reverting to normal with surprising
rapidity. This type of fade-out is known as the Dellinger fade-out ;
the cause is not fully understood, but sufficient data are available to
conclude that it is attributable to the effect of radiation from sun spots
on the earth’s atmosphere.

There is another type of fade-out which differs from the Dellinger
inasmuch as the strength of signals decreases gradually, often taking
some hours to reach a minimum level, where it remains for a period
that may be several hours, days, or even weeks. This type of fade-
out usually appears concurrently with magnetic storms, which have a
marked effect on the height and density of the ionised layers in the
upper atmosphere.

Those who possess a short-wave receiver will have noticed that long-
distance reception is only obtainable on certain wavebands at certain
times of day. It has already been explained that reception on the short
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wavebands (higher frequencies) is dependent on the reflected sky wave;
since the density of the reflecting layers varies throughout the 24-hour
rotation of the earth, it follows that the wave will only be obtainable at
a certain distance if its frequency is such that it bends in the right
manner. Thus, when the whole path between the transmitter and the
receiver is in daylight, the higher frequencies become effective, while,
conversely, when both transmitter and receiver are in total darkness,
lower frequencies such as the 49-metre band become usable. The correct
choice of short wavebands for receiving distant stations at various times
during night and day is given in Appendix 1 (5), with general hints.

Atmospherics.—Reception from a distant station is often marred by
extraneous noise arising from sources other than radio transmitters. This
background noise, as it is called, may consist of random clicks and bangs
which can be so numerous as to resemble the sound associated with the
frying of bacon, or alternatively the noise may be of a continually recurring
nature suggestive of some electro-mechanical device such as a sewing
machine or a motor car. Whatever the source or nature of background
noise it is quite properly included under the chapter heading “ Waves
in Free Space,” as it is usually through this medium that noises are con-
veyed to the receiver.

There are two distinct causes of background noise, the first of
which is termed man-made static and, as its name implies, has an
earthly origin. It includes waves generated and propagated into
space by electrical machinery or appliances, of which the following
are typical examples : electric-lift motors, trams, trolley buses, vacuum
cleaners, refrigerators, fans, industrial motors, motor-car ignition
systems, neon signs, X-ray, ultra-violet, and other electrical medical
apparatus. Some television receivers also radiate interference.

The other form of background noise is termed atmo-
spherics, which are of natural origin. This type of
interference is most prevalent during thundery weather,
and is characterised by a hiss followed by a sharp crack,
reminiscent of a damp firework. Atmospherics become
louder and more frequent with the approach of a
thunderstorm and attain great volume when the storm
centre is in the region of the receiving aerial.

Atmospherics are not always attributable to local
thunderstorms, but may be due to severe electrical

Fig. 19.—An atmo- " . .
sphericrecorded by  disturbances remote from the receiver, or to electrical

the cathode-ray

oscillograph. storms hundreds of miles above the earth’s surface. It

has been suggested that this disturbance may, on
occasion, originate from the sun, where electrical disturbances of colossal
magnitude are not infrequent. Fig. 19 shows the waveform of an
atmospheric, photographed by the author; it will be observed that unlike
waveforms previously illustrated the amplitude tends to decrease
progressively.



CHAPTER ¢4
ELECTRICITY

THE expression ‘ electric current ”’ is to-day a household word, and is
looked upon, by the uninitiated, as something which flows along the wires
and illuminates our houses and cities. Few ever pause to wonder how
it is that an electric current can flow through a solid wire, while many take
refuge behind the assertion that the nature of electricity is still a mystery.
In the reign of King George I1I, electricity and everything to do with it
was undoubtedly wrapped in the most profound mystery, for it was at this
time that Galvani hung some dead frogs on an iron fence by brass hooks
and then set about trying to find out why they kicked (although dead)
each time the brass hooks touched the iron railings.

To-day, however, electricity may be considered an exact science, and
almost every form of electrical phenomena can be prearranged or
accurately predicted. There are many methods of approaching the
fundamental principles of electricity, but in the author’s opinion the
most satisfactory line of approach is through a brief description of the
theory of matter ; for this purpose the neutron is ignored.

The Basic Electron Theory ; Protons and Electrons.—Solids, liquids,
and gases are the three broad groups into which matter is divided. The
word ‘“solid,” although undoubtedly a useful addition to the English
language, is somewhat of a misnomer, as the popular conception of a solid
is a serious obstacle in the way of understanding the true nature of
matter. Whether a piece of copper, steam from a kettle, or a joint of
meat is chosen as an example, it is still basically the same thing when
reduced to the ultimate two units of which everything is composed.

A road is sometimes made of granite ‘“ bricks ’ : a castle is sometimes
made of granite ““ bricks.”” The unit (a granite *“ brick ") is the same in
each case, the difference between these two examples is purely the manner
in which the “ bricks "’ are arranged.

If, for example, a piece of copper about the size of a pin’s head could
be divided a million X million X million times, each of the ‘ pieces ”
would be an atom. The smallest division, therefore, of copper (or any
other element) is an atom, because further division would turn the particle
from a copper atom into two or more atoms of some other element.
The atom, as already intimated, is the unit of any element, and it is neces-
sary to know something about its structure. The simplest atom is that
of the gas, hydrogen, as it is made up of only two parts, a proton and an
electron ; the proton is the larger of the two and is the centre around
21
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which the electron revolves in precisely the same way that the earth
revolves round the sun. The electron and the proton have a mutual
attraction for each other and are dissimilar, and this dissimilarity is
referred to by saying that the proton is positive and the electron is nega-
tive. The proton may be conveniently looked upon as a fixture, while
the electron, which has about &, of its mass, may be regarded as being
lively, adaptable, fast moving, and often unstable. In plain English,
electrons are electricity, and for this reason the electron is often con-
sidered as the unit of electrical quantity or charge. ‘
We are more concerned with the electron than the proton, and further-
more a detailed description of the theory of matter has no place in this
volume, but before leaving the subject a little further information may
be usefully included as it will assist the reader to understand the function-
ing of electric batteries and valves. As already stated an atom of hydro-
gen comprises one proton with one electron revolving round it, an arrange-
ment that is diagrammatically illustrated in Fig. 20. The hydrogen
atom is obviously the simplest of all atoms ; before going on to investigate
the arrangement of more complicated atoms it is necessary to comment
upon the relationship

sy T 2 T ——s that exists between

E_)/ 'H‘\ ~, theseincredibly minute
S . particles. -

T —— —_—— The electron is nega-

Fig. 20.—A diagramimatic representation of the hydrogen atom tive and has a great
which comprises a single proton with one electron revolving attraction for the posi_
tound it. .

tive proton; on the
other hand, similar charges have an equal repulsion, that is to say, two
electrons will repel each other or alternatively two protons will repel each
other. This introduces the first fundamental rule which governs all
electrical and magnetic phenomena : like signs repel, unlike signs attract,
the conventional sign for the proton being + and for the electron —.

In order that an atom may be a stable, self-contained unit, it is necessary

that it shall comprise an equal number of protons and electrons.

The protons must necessarily congregate in the centre, and to make
this possible there must be one or more electrons associated with them,
as without an opposite sign to attract them they would push away from
each other. The central collection of protons and electrons is called a
nucleus and the electrons contained therein are called fixed electrons,
while the electrons which spin round on an orbit outside the nucleus are
called free electrons. The conception of an atom is somewhat difficult
to grasp, but the following examples will help to make it more under-
standable.

The helium atom is illustrated at Fig. 21, the nucleus of which com-
prises four protons and two electrons, while two free electrons revolve on
a common orbit.

An atom of carbon has a nucleus comprising twelve protons and six
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electrons, and six free electrons ; this atom is diagrammatically illustrated

at Fig. 22, from which it may be observed that the free electrons do not

share a common orbit but two concentric orbits. It is most important

to remember that the

electrons on the out- e T T T S —

side orbits of any —~—— @

system are more -
—

readily detached than TS —

those on the inside F ig. 21.—The bhelium atom has two free electrons revolving round
orbit the nucleus which is made up of four protons and two electrons,
Its. and has a positive charge equal to two protons.

It will be unneces-
sary to deal separately with the atom of each element such as carbon,
nitrogen, oxygen, copper, silver, and so on up to one of the most compli-
cated atoms, such as the metal uranium, which has a nucleus comprising

Q= ~\\@\N\
\ Ci\ \ 4//79 /
e TS—— — &«

—

Fig. 22.—The carbon atom has six free electrons revolving on two orbits round the nacleus which
is made up of twelve protons and six electrons and has, therefore, a positive charge equal to
six protons.

one hundred and eighty-four protons with ninety-two electrons and
ninety-two free electrons,

The Electric Current.—The above simplified explanation of atomic
structure is included primarily to pave the way for an explanation of
that phenomenon which is commonly called an electric current. Imagine
a long string of atoms of copper each of which will be, as already ex-
plained, a stable and complete family. Suppose that an isolated electron
is introduced into atom number one ; this will completely upset the
balance between positive and negative charges, as there will be one
electron too many and the attraction of the nucleus will be unable to
hold this additional burden. Suppose that yet another electron is intro-
duced into atom number one, which will result in such a congestion that
an electron is forthwith thrown out from atom one into atom two. Atom
two is now unable to stand the burden of the new addition and will eject
a surplus electron ; it cannot throw the “ outsider back to atom one
as this still has a surplus electron, therefore it must necessarily throw the
spare electron into atom three. Provided that spare electrons are con-
tinuously introduced into atom one it will continue to pass on a spare
electron to atom two, which will in turn Pass on a spare electron to atom
three, and so on for as long as spare electrons are poured into atom one.

R.T. I—3

—
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The idea of talking about a single electron is purely for the purpose of
simplifying the explanation, as also is the idea of a single string of atoms.
The finest piece of copper wire imaginable would be many millions of
atoms wide, and similarly a small electric current such as would flow
through a flashlamp bulb would represent untold millions of millions of
electrons per second.

It has probably taken three minutes to read this explanation of the
movement of an electric current, but actually the rate of travel is incon-
ceivable, speeds of the order of tens of thousands of miles per second being
perfectly normal.

Insulators and Conductors.—Although the electric current travels
at a prodigious pace it does not follow that a particular electron will
accomplish the journey from one end of a piece of copper wire to the
other at even “ walking pace.” It will be remembered that it has been
stated above that an electron introduced into atom one caused it to pass
an electron on to atom two, not necessarily the same electron ; recent
experiments have shown that although untold millions of electrons per
second may enter one end of a piece of wire, say ten feet long, and
similarly untold millions of electrons per second may leave the other
end of the wire, it may take an hour or more for a particular electron
to complete the journey. The atoms of certain materials are so arranged
that they will not pass an electron from one atom to the next; such
materials are called insulators, examples of which are ebonite, porcelain,
glass, real silk, rubber, paraffin wax, etc. Those materials which are
able to pass an electric current are called conductors, although their
efficiency varies considerably. Typical examples of conductive materials
are the majority of metals, carbon, graphite, acids, etc.

A brief outline has been given above showing how electrons can be
passed from one atom to another in a conducting material providing that
there is a surplus number of electrons at one end. A moment’s reflection
will show that a current of electrons could not flow along a conductor
if there were not an outlet at the far end. This significant fact auto-
matically carries the foregoing explanation to its conclusion in as far as
the actual passage of electrons is concerned.

It follows, therefore, that for a stream of electrons to flow along a
conductor, the following conditions must be present :

(a) There must be a surplus of electrons available ; this is obvious,
because an electric current is simply and solely a stream of electrons and
it cannot flow if it does not exist ;

(b) There must be a means of disposing of the electrons when they
reach the end of the conductor, which means that the conductor must be
attached to something that is short of electrons.

Polarity.—When something is short of electrons it is positive in respect
to something that is not so short of electrons or alternatively has a
surplus. Conversely, something which has more electrons is said to be
negative in respect of something which has a shortage. When dealing
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with electricity for the purposes of radio engineering it is absolutely
imperative to forget any preconceived ideas that this or that is positive
or negative, in the same way that one may say that this is white and
that is black. It is incorrect to regard any particular point on a piece of
electrical apparatus as intrinsically positive or negative ; some particular
point may, however, be positive in respect to some other point and in
turn may well be negative in respect to some further point. For the
sake of convenience, however, it is customary to refer to the most nega-
tive point as negative and to refer to other points as being so many volts
positive in respect to it.

This relationship may be more readily understood if a simple flashlamp
battery is used as an example : one of the projecting tags is colloquially
called the positive terminal and the other the negative termiral. It is
implied, however, that the positive terminal is positive in respect to the
negative terminal and vice versa.

Only half the phenomenon of an electric current has been explained,
and in the interests of simplicity the cart has been put before the horse.
It has been stated that electrons will flow through a wire providing that
there is a surplus at one end of the conductor ; no mention has yet been
made regarding the source of these electrons, which may be either a
battery or some form of generator, such as a dynamo. As the latter can
scarcely be considered within the scope of this book the former will serve
our purpose very well.

The Simple Cell.—The word ‘“ battery ”’ is apt to be misused, it is
therefore desirable to mention that strictly speaking this word means
two or more cells; thus the ordinary 2z-volt
accumulator is a cell, but when two of these o

are joined together, either temporarily or per-
manently, they become a battery. There are
two types of cells: the primary cell, of which |-/
the dry cell is a typical example, and the /4
secondary cell, the only example of which is the [ 7|/
accumulator. v/
There are numerous varieties of primary cells, ,//
but for the purpose of explaining the principle 7
that shown at Fig. 23 will serve. It consistsofa | ;
copper plate and a zinc plate partly submerged in |/

a weak solution of sulphuric acid and water. The /\4
zinc plate must of necessity be coated with mer-
cury, as otherwise it would be eaten away in a Fig. 23.—A simple cell con-
matter of seconds. The action of a primary cell  sisting of a zinc plate (—)
. g ; . . and a copper plate (+)
is dependent on positive and negative ions; it  partly immersed in a weak
will be remembered that a normal atom always  solution of sulphuric acid
has an equal number of electrons and protons. *** "o

If, however, it has lost one or more electrons it is no longer an atom but

an ion, and since the protons outnumber the electrons, it is a positive ion.
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If, on the other hand, an atom acquires one or more electrons it becomes
a negative ion.

The atoms of certain substances are prone to lose electrons, others are
prone to acquire them. In the cell illustrated at Fig. 23, the zinc atoms
tend to acquire electrons from the negative ions in the solution, while the
copper atoms tend to become short of electrons due to absorbing positive
ions from the hydrogen which forms on its surface, and there is a flow
of positive ions in one direction and negative ions in the other. In this
way the positive terminal is short of electrons and is said to be at high
potential, 7.e. positive in respect to the zinc plate which has a surplus
of electrons, which will flow to make up the deficiency at the positive
terminal provided that the two terminals are connected together.

As already intimated, the true direction of an electric current is from
negative to positive ; some confusion arises because earlier textbooks
refer to the current travelling in the opposite direction. This unfortun-
ate state of affairs is due to early scientists misinterpreting electrical
phenomena.

The Accumulator.—The secondary cell, which is variously known as
the storage cell and the accumulator, resembles the primary cell in broad

principle but differs very
considerably in detail. 1In

JV\N place of the copper and zinc
plates in the simple cell

\ illustrated at Fig. 23, it has
plates constructed in the form

of lead grids, a typical
: example being shown at
— | 1! ' Fig. 24. The positive plate
] ) is filled between the mesh of
{ f I 1Y { the grid with a mixture of
= — red lead and sulphuric acid,
- which is forced in under

great pressure in the interests
of mechanical strength, while
— . the negative plate is filled
with litharge and sulphuric
acid. The solution, or electro-
~—~—J lyte, to use the proper term,
Fig. 24.—A corner of a typical accumulator plate showing consists of sulphuric acid
the grid formation before it has been filled with lead which is mixed with water

paste. . .

in such proportions that the
specific gravity is about 1-1. Unlike the primary cell the accumulator
is not ready for use until it has been “charged”; this is achieved
by passing a suitable electric current through the accumulator in the
reverse direction, that is to say, in at the negative side and out at the
positive side.

et = 11| =1 |1
y—y
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The electrons, passing through the electrolyte on their journey from the
negative to the positive plate, decompose the water and cause oxygen
bubbles to form on and be absorbed by the positive plate and hydrogen ?
to form on and escape from the negative plate. Charging is continued
until the plates are incapable of further chemical change, at which time
the electrolyte will have attained a specific gravity of about 1-25. An
examination of the accumulator will show that the positive plate has
become a warm chocolate colour, while the negative plate assumes a very
dark grey colour. If a suitable conductor is placed between the terminals
of a charged accumulator, current will pass from the negative plate via
the conductor to the positive plate; at the same time the positive plate
will throw off oxygen and become deficient in electrons, while the negative
plate will throw off hydrogen and acquire a surplus
of electrons.

If the accumulator is allowed to discharge e
itself completely it will return to its uncharged
state, 7.e. the specific gravity will have fallen to
1-1, the positive plate will lose its warm colour
and the negative plate become light grey in
colour.

The accumulator, as interpreted by various
manufacturers, is available in numerous forms > .

o . . . g. 25. e arrangement of
designed to suit a diversity of purposes; those a seven-plate accumulator.
used with radio apparatus are too well known to
need description. It may be mentioned, however, that the simplest form
of accumulator has two plates, while more complicated types may have
any odd number of plates. Fig. 25 shows the arrangement of a seven-plate
accumulator which is made of three positive plates and four negative
plates. In the interests of long life, accumulators require proper care and
attention, a subject that is fully dealt with in the appropriate chapter.

Potential Difference.—It has been explained that an electric current
flows from a negative to a positive point due to the difference in electron
content at the said points; this difference is called *‘ potential difference,”
the magnitude of which is expressed in terms of a unit called the volt.

Potential difference should not be confused with electromotive force,
which is the latent driving force in a battery. Electromotive force is
present in the battery whether it is in circuit or disconnected. When the
voltage of a battery on open circuit is measured the figure obtained is the
e.m.f. If, however, it is measured when connected in circuit the figure
obtained may be regarded as potential difference.

A single dry cell, for example, has an e.m.f. of 1-5 volts approximately,
which means that this force is available to drive a current through any
circuit which may be completed between its terminals. If two such cells
are connected in series, ¢.. + terminal of one is connected to the —

POSITIVE PLATE
T'__’ —

‘$31V1d 3IAILVOIN

' A naked light should never be exposed near an accumulator when on charge as the
escaping hydrogen will combine with air and may explode.
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terminal of the other, then the e.m.f. across the

| | | battery will be 3 volts, and so on, see Fig. 26.
| l_' To summarise, electromotive force is the total
+ l - + available voltage of a battery, whereas potential
Fig. 26.—The conventional difference is the active difference of voltage in an
method of showing a cell electrical circuit. p.d. = potential difference.

B e om s il E = electromotive force. V = volt. I = current.

it lime e ceeeoene  The Ampere.—The next consideration is the

the positive terminal and Measurement of the quantity of current flowing.
the short thick line the Thijs may be one thousand or one million or

negative terminal. .

any number of electrons per second. The unit
for expressing the quantity of current flowing is called the ampére,
which is often written as amp and is symbolised by the letter “A.”
The measurement of the flow of current through a wire is comparable
to the measurement of water flowing through a pipe in terms of gallons
per minute; it is important to note that the flow of current is the same
throughout its entire journey, whereas potential difference decreases
progressively.

Consider the simple circuit shown at Fig. 27, which consists of a loop
of wire which, for purposes of reference, is divided into three equal
sections. Assume that one ampére is flowing
from the negative terminal; it follows that
one ampére is flowing right through the whole v 2
circuit and back through the positive terminal Y ¢
of the cell.

If the total voltage across the cell is 15
volts, the potential difference between — and
Y will be -5 volt (see Fig. 27); the voltage
between Y and Z will be -5 volt, and the
voltage between Z and + will also be -5 volt.

A moment’s reflection will show that this

must be so because current will flow only

to a point of higher potential, and as the Fig. 27.

current is flowing from — to Y and from Y

to Z it follows that Y must be at a higher potential than —, Z higher
than Y, and + higher than Z.

Resistance.—It has been implied that current has to be forced through
a conductor ; it is obvious that if energy is required to bring about a
flow of current there must be some opposition to be overcome. This
opposition is called resistance which is written “R,” and measured in
terms of a unit called the ohm which is abbreviated by the symbol Q
which is the Greek letter omega. Every electrical circuit must contain
resistance, and if there is current flowing there must be voltage. It is
the relationship between voltage, current, and resistance that is so vitally
important, as it forms the basis of all simple electrical formul®, and
furthermore it gives an insight into the meaning of these terms that is




ELECTRICITY 29

readily understandable. This relationship is called Ohm’s law, and it
is impossible to overstate the importance of this law to all who desire to
obtain a practical knowledge of radio or electrical engineering.

Ohm’s Law.—The original law as put forward by Georg Ohm in 1826
is not very informative, but the following interpretation will better serve
the present need.

One volt is the electric pressure necessary to force a current of 1 ampére
through a resistance of 1 ohm ; this gives the simple equation, volts =
ampéres X ohms which, written in a conventional and workmanlike

way, is—
V=IR

A slight rearrangement of the preceding paragraph shows that 1 am-
pére is the amount of current that 1 volt can force through a resistance of
1 ohm ; this gives the simple equation, ampéres = volts = chms, which
is written—

V
= R

Yet another rearrangement shows that 1 ohm is the resistance that
permits a current of 1 ampére to flow when the p.d. across the resistance
is I volt; this gives the equation ohms = volts = ampéres, which can
be written— v

R=7
(in the above equations V = p.d. in volts, I = current in amps, and
R = resistance in ohms).

Consider the simple circuit Fig. 28, if the p.d. across the cell be 2 volts
and the value of R be 1 ohm the applicaticn of Ohm’s
R law will show that the current flowing is 2 ampéres.
— AN\ — Consider next the more elaborate circuit Fig. 29,
which consists of a 3-volt battery and three re-
sistances having value of 1, 2, and 3 ohms respec-
tively. The total resistance, then, is 6 ohms, and
I the voltage of the battery is stated to be 3 volts,
. therefore the cur-
. , . rent must be -5
Fig. 28.——cﬁits'1mple cir- amp. It is also
interesting to note
the varying potential drop at differ-
ent points in the circuit. As a
current of -5 ampéres is flowing in
the circuit, the drop across the 1-ohm
resistance will be -5 volt, across the
2-ohm resistance will be 1 volt, and

across the 3-ohm resistance 1-5 volts. Ei - . )

The three resistances in Fig. 2g are & 29 # cireult comprising three resistances
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said to be in series, which is the term used when they are so connected that
the total current has to pass through each in turn; similarly the two cells
in this illustration are also in series. Fig. 30 shows three resistances in
parallel, which is the term used when they are so connected that the
current divides and a portion goes through
each, the actual proportion through each re-
sistance being determined by the relative
value of each resistance.

3 OHMS Assume the p.d. across the resistances to be
3 volts, and each resistance to have a value
of 3 ohms; the total resistance will be 1 ohm,

3 OHMS

3 OHMS which will permit a current of 3 ampéres to
flow : 1 ampére will flow through each re-

I [ sistance.

| I The value of fwo resistances in parallel can
be found by dividing their product by their

Fig. 30.—Three resistances in sum ; for example, suppose two resistances
parallel. are connected in parallel having a value of

5 ohms and 20 ohms respectively the sum of 5and 20 = 25, the product of
5 X 20 = 100, therefore, by dividing 25 (the sum) into 100 (the product)
gives the answer 4 ohms. The value of any number of resistances in
parallel can be determined by

1 1 I I

-R_Rl+_;+Rsetc.

Wattage.—It is apparent that the actual power performed in a circuit
is governed by the amount of current flowing and the force which causes
it to flow ; consequently, to determine the amount of power expended it
is necessary to take into account both voltage and ampeérage which is
achieved by using a unit called the watt.

Wattage is determined by multiplying together volts and amps.
I volt X T amp = 1 watt; by applying this rule to Fig. 29 it will be
found that the total wattage is I-5, which is arrived at by multiplying
the p.d. of 3 volts by the current which is -5 amp. The arrangement
shown at Fig. 30 has, 1t will be remembered, a p.d. of 3 volts and a current
of 3 ampéres, therefore the dissipation is g watts, 3 watts in each resist-
ance.

The word “ dissipation " is used because voltage has been “lost ” in the
resistance. It is impossible to lose or destroy energy but quite possible
to convert it into another form; in the case of resistance the energy
represented by the voltage dropped is converted into heat, which is dis-
sipated into the surrounding atmosphere : a typical example is the ordin-
ary electric fire, which converts electricity into heat and dissipates the
latter into the room.

Resistances are normally provided with a wattage rating which indi-
cates the maximum wattage that the resistance can dissipate without
suffering ill effect due to overheating or complete decomposition.
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Ohm’s law is equally applicable to the watt and may be interpreted
in three variations. The symbol for the watt is “ W.” Volts X amps =
watts, which is conventionally expressed—

VI=W

When it is desired to determine the wattage without taking voltage
directly into the formula, this is achieved by the formula (amps)* X ohms
= watts, which is written—

PR=W.

When it is desired to determine the wattage without directly taking the
ampérage into consideration, the following formula is used : (volts)* +
ohms = watts, which is expressed—

(In the equations above, V = p.d. in volts, I = current in ampéres,
R = resistance in ohms, and W = watts.)

As already stated, the watt is the unit that expresses the power accom-
plished in an electrical circuit, it is therefore interesting to note that 746
watts is equal to 1 horsepower, a comparison that serves to give some
idea of the power represented by 1 watt.

Direct Current.—All electrical phenomena dealt with in this chapter
have been confined to that type which has a steady current flowing in a
definite direction ; this type of current is known as direct current, which
broadly speaking may be defined as a current which flows in one definite
direction and which never drops below zero. Direct current is usually
written D.C., and is sometimes called continuous current.

Alternating Current.—An alternating current is a phenomenon asso-
ciated with radio signals, microphone currents, and the like. It is a
current which alternately flows first in one direction then in the opposite

ANVA
VARV

Fig. 31.—An alternating current waveform which has a peak value of 10 amps.

direction. Fig. 31 shows a typical A.C. waveform which, it will be
noted, is similar to sound waveforms illustrated in previous chapters.
Commencing from the left-hand side it will be seen that the current
starts to rise from zero sharply at first and then progressively slower
until the maximum is reached, which in this example is 10 amps. The
current then starts to decrease until it reaches zero (literally o amps), at
which point no current is flowing. The current next commences to flow
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in the opposite direction until it reaches a maximum of 10 amps, after
which it dies down until it reaches zero when the cycle of events re-
commences and continues to repeat. The number of times per second
that the current will complete a cycle is known as the periodicity or
frequency ; in Fig. 31 there are three complete cycles, and if the distance
XY is assumed to represent one second, it follows that the frequency
is three cycles per second. If the distance XY represented 3, of a
second the frequency would be 300 cycles per second.

Alternating currents generally met with in broadcasting range from
16 cycles per second, which is the lowest note of the organ, to about
60,000,000 cycles, which is the frequency that would be used by a trans-
mitter working on a wavelength of 5 metres.

The A.C. waveform shown at Fig. 32 serves to illustrate A.C. voltage.
Here again the voltage commences at zero, rises to a maximum, which

Fig. 32.—An A.C. voltage wave{form with a peak value of 250 volts.

in the example chosen is 250 volts, and dies away to zero, after which it
again builds up to a maximum but the polarity is reversed. |

A pair of wires carrying direct current possess polarity, 1.e. one is posi-
tive and the other is negative, but a pair of wires carrying alternating
current do not possess polarity because each is alternately positive and
negative. The waveforms chosen as examples in Figs. 31 and 32 show
waveforms that are symmetrical, or in other words the two halves are
separated by the imaginary zero line and are similar in appearance.
Figs. 3-8 are typical examples of unsymmetrical A.C. voltage waveforms
and also serve to show the erratic way in which the voltage and conse-
quently the current may vary in a circuit.

Units.—The units referred to above, #.e. volt, ampére, ohm, and
watt, are the basic units by which electrical phenomena are measured, but
for convenience the following units are in general use, the recognised
abbreviation being shown in brackets :

kilovolts = 1,000 volts (kV)
millivolts = (g5 volt (mV)

microvolts = 143650 VoIt (uV)
milliamp = 1¢y5 amp. (mA)
microamp = ygodoos aMP (wA)
kilowatt = 1,000 watts (kW)
milliwatt = &y watt (mW)

megohm 1,000,000 ohms (M)
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Choice of Units.—Consideration of the above units will suggest that
certain values may be expressed by more than one unit. For example
100 millivolts could alternatively be expressed as -1 volt ; then again -2
megohm could be expressed as 200,000 ohms. Similar remarks may be
made about units not mentioned in this chapter, such as farads and
microfarads, henrys and microhenrys. Unfortunately, there is no hard
and fast rule to indicate the choice of expression and care must be taken,
therefore, to avoid confusion. There is a natural tendency when reading
casually to gain the impression that -1 volt is more than 100 millivolts, an
oversight that may obviously give rise to a serious misunderstanding.

The author makes a practice of using the smaller denomination when
the alternative entails the use of more than one decimal place, an excep-
tion being made, of course, when referring to graphs where the use of
mixed units would be intolerable.

When values are stamped on small components they are often ex-
pressed in a rather objectionable manner. For example, a resistance may
be marked -00ox MQ purely because this expression is shorter than the
more conventional ‘“ 1000Q.”

Voltage, current, resistance, and wattage can all be measured by means
of instruments expressly designed for the purpose and provided with
calibrated scales permitting direct reading of the appropriate units.
Multi-range meters are available with extra scales which become operative
when the requisite series or shunt resistances are brought into circuit.
These instruments are known as the voltmeter, ammeter or milliammeter,
wattmeter, etc., thus clearly indicating the purpose for which the parti-
cular meter is intended. There is, however, one exception to this
nomenclature since the instrument for measuring resistance in megohms
is called a megger.

The construction and the principles governing the action of these
meters are described in a later chapter; in the meantime it is merely
necessary to become acquainted with their practical application to the
various purposes for which they are intended.

There are, however, one or two remarks that will not be out of place
regarding the use of the voltmeter. With the exception of one or two
specialised types the voltmeter will pass current when a potential is
applied across its terminals which will introduce an error when measuring
a voltage across a high value of resistance which is fed through another
resistance. An example will make this point clear. If two resistances,
each having a value of -1 megohm, are connected in series across a
supply having a potential of 300 volts, the application of Ohm’s law will
show that the potential drop across each resistance will be 150 volts.
Assume that the potential across one resistance is to be measured and that
the voltmeter to be used has an internal resistance of -1 megohm. Directly
the voltmeter is connected complete rearrangement of potential takes
place in the circuit since the voltmeter is in parallel with the resistance to
be measured forming a total resistance of 50,000 ohms; the application of
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Ohm’s law shows that potential difference across 50,000 ohms in series with
-I megohm will be one-third of the applied potential, s.e. 100 volts.

The above example cites an instance where the potential difference
across a resistance is 150 volts, but when a voltmeter is connected across
it for the purpose of measurement, a serious error is introduced since the
current passed by the voltmeter causes the potential difference to fall to
100 volts.



CHAPTER 5
MAGNETISM AND INDUCTANCE

MENTION was made in Chapter 4 of the mistake made by early scientists
in determining the true direction of the flow of current. While the actual
flow of electrons is from negative to positive, it is convenient to assume
the converse. This imaginary direction of flow, 7.e. from positive to nega-
tive, is usually called the conventional current, while many authorities
refer to it simply as current.

While in many ways it might be thought desirable to abandon this
make-believe, such a course is impracticable, as it would reverse all the
laws governing the direction of magnetic fields, render a large amount of
apparatus obsolete, and cause the worst possible confusion since the stan-
dard textbooks of to-day would differ in almost every paragraph from
the books of to-morrow.

The author would very much like to break away from convention and
refer exclusively to the electronic current, but, in deference to the best
interests of readers who may already possess some electrical knowledge
and who have read or may read other books, has adopted the existing
standards. It isimportant to note, therefore, that in this and the follow-
ing chapters (except where otherwise stated), the direction of flow will
be assumed to be from positive to negative, i.e. conventional current.

Magnetism in some form must be familiar to everyone. In fact, the
average person makes the acquaintance of a toy magnet at such an early
age that its remarkable properties are taken for granted. The manner
in which an ordinary horse-shoe magnet will attract a piece of iron is too
well known to need comment, but attention may usefully be drawn to the
fact that this force is exerted without any tangible medium between the
magnet and the iron ; in brief, magnetic force exists in free space.

The phenomenon of magnetism was well known to the ancients, in fact
the Greek philosopher Socrates made mention of the word * magnet,”
which was the name given to a peculiar mineral found near Magnes in
Asia Minor, which had the remarkable property of always coming to rest
in the same position when suspended on a thread. This natural compass
was used by the Anglo-Saxons, who took advantage of the fact that a
suitably shaped piece of this material would come to rest so that its
extremities pointed to the north and south. The Anglo-Saxons called
this peculiar mineral lodestone, but its modern name is magnetite, or
magnetic oxide of iron; it has no practical value, as the artificial
magnet is much more efficient.

35
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The reason why a magnet attracts a piece of

iron is not yet fully under-

stood and, furthermore, the theories that have been put forward are too
complicated to justify their inclusion in this work and must give way to a
consideration of the more practical aspect, namely the nature and effect of

magnetism.

The permanent magnet may be defined as
a magnet made of steel which is sufficiently
refined and hardened to retain its magnetism
for a considerable period. It may be shaped
in the conventional manner, or it may take
the form of a round or square bar or a cube,
sphere, half moon, star, or any shape that
the mind may devise. The actual magnetism
is imparted to a magnet by rubbing it against
another magnet or by inserting it in a coil
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Fig. 33.—If a magnet is freely sus-
pended, it will come to rest on a
line due north and south. That

end which points to the north is
termed the north pole.
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Fig. 34.—
When per-
manent
magnets are
placed with
unlike poles
opposite

they attract
each other.

Kf\\
|

z| [z
ol |«

l

-/

Fig. 35.—
Magnets
placed with
like poles in
opposition
repel each
other.

of wire through which a suitable electric
current is passed for a few seconds.

Whatever the shape of the magnet it has
two “ poles,” which may be described as the
centres of its magnetic energy ; one pole is
called the north pole and the other the south
pole (see Fig. 33). These poles may be likened
to the positive and negative charges of elec-
tricity because the same law applies, i.e.
unlike signs attract and lLike signs repel. If
two horse-shoe magnets are placed face to
face as shown at Fig. 34, they will attract
each other and, providing that the distance
is not too great, each will move towards the
other. If, on the other hand, they are placed
as shown in Fig. 35, so that they are face to face
but with like poles opposite, the two magnets
will repel each other, and if placed sufficiently
close will move away from each other.

If a sheet of glass is placed horizontally
over a magnet it will be found that if iron
filings are evenly distributed, they will be-
come arranged in a definite formation along
the lines of magnetic force emanating from
the magnet. Fig. 36 shows the magnetic
field of an ordinary horse-shoe magnet deter-
mined in this way.

Some magnets are stronger than others, due to a greater or lesser
number of lines of force ; these lines are usually referred to as the flux,
and the number of lines per unit sectional area as the flux density. Quan-
titative measurements are usually expressed as flux density per square
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centimetre. A really first-class magnet will have a flux density of the
order of 14,000 lines per sq. cm. if the air gap between the poles is short.
The various magnets that have been mentioned above are called
permanent magnets because their magnetic properties are always present
and remain so until such time as they lose
them due to leakage. Permanent magnets Pen
are made of very hard steel, such as cobalt .
or tungsten, because the hardness of the steel o
largely controls both the flux density and | < 7 s
the useful life of the magnet. It is generally ['e*
thought that a magnet will attract only iron, [ .8\ e
steel, cobalt, or nickel, but it has a slight “INF
attraction for a number of other materials, -~ %
including aluminium, manganese, and plat- }....} { et
inum ; it is interesting to note that certain }e---
substances have a slight repellent action, fe---{
these include copper, silver, antimony, tin, | ¢---{
zinc, and phosphorus.
There is an entirely different form of |- --- g *Xogt
magnet known as the electro-magnet, which je-"71 ... el
consists fundamentally of an iron core around | «"~ \,) e
which a coil of wire is wound. When a | .
current is passed through the coil the core .

<.

becomes magnetised and remains in this
condition until the current is switched off;
it is important to note that when the current

Fig. 36.—The field of a permanent
magnet determined by means
of iron filings placed on a sheet
of glass.

is switched on the core takes a measurable

time to become fully magnetised, and when the current is switched off
the core takes an appreciable time to become demagnetised. This is
known as hysteresis.

The core of an electro-magnet is usually made of very soft iron such as
Swedish charcoal iron, because the softer the iron the greater will be the
flux density and the lower will be the hysteresis.

Permeability may be defined as the ability of a material to accommo-
date magnetic flux ; iron that will accommodate a large number of lines
of force per sq. cm. for a given magnetising force is said to possess high
permeability and vice versa. The strength of an electro-magnet is
dependent upon the number of turns in the coil and the strergth of the
current passing through it. One ampére passing through 10 turns pro-
duces the same flux density as ‘1 amp passing through 100 turns. By
multiplying together the number of turns and the number of amps in
either of these examples, 10 is the product ; this figure is the number of
ampére turns, which is the factor which determines the strength of the
field. Double the number of ampére turns will give approximately
twice the flux density, three times the number will give three times the
flux density, and so on, providing that the coil is so designed that all
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its turns are close to the core and that the core has not become saturated,
t.e. reached the state when it is unable to accommodate an increase in the

number of lines of force.

In order to produce a magnetic field
it is not necessary to employ an iron
core, as the passage of current through
any conductor will set up a magnetic
field. Fig. 37 shows a wire that has
been passed through a sheet of paper
lightly dusted with iron filings which
have become arranged along the lines
of magnetic force due to a current being
passed through the wire.

Fig. 38 shows the magnetic field set
up round a conductor by an electric

current which is travel-
ling towards the
+ reader. Fig. 39 shows
» a diagram that is
* somewhat similar to

Fig. 37, except that

the paper is pierced

Fig. 37.—The field caused by conventional
current ; the conductor is passed through
a sheet of paper on which iron filings are
sprinkled.

Fig. 38.—This dia- DY a loop of wire, the current through which produces
gram shows the  two geparate fields, the arrows indicating the direction

direction of the
magnetic field Of both conven-

when the con-  tjonal current and
ventional current
istravellingalong fields.
the conductor to- For a given cur-
wards the reader. s
rent the magnetic
field st up by a straight wire is
very feeble, but by forming the
wire into a coil a relatively high
flux density will be produced ; see
Fig. 40, which shows the magnetic
field due to

a current

f;':‘“\\

.
3

through a
coil. If an
iron core
were intro-
duced into
the coil

Fig. 40.—The field around a . .
coil through whicha current formed ; if the core were withdrawn from the
isflowing. Thelargerarmows  coil it would continue to be magnetised to a
tional current. decreasing extent until it was withdrawn to such

i?

Fig. 39.—Two independent fields due to the flow

of current in opposite directions.

shown at Fig. 40, an electro-magnet would be
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a distance that its total mass was outside the field produced by the coil.
Unless the core is placed symmetrically within the coil they will be
attracted to each other, and if the core is placed just outside the coil and
freely suspended, the mag-
netic field will cause it to
move along a path through
the centre of the coil until
it reaches the centre, when
it will come to rest. See
Fig. 41.

It has been stated that
the flow of current through
a conductor will set up a
magnetic field ; conversely a magnetic field will set up a current if it
cuts a conductor, provided that there is present either mechanical move-
ment or magnetic variation. Fig. 42 shows a bar magnet, the field of
which is cut by a conductor, the ends
being connected to a galvanometer,
which is an instrument capable of de-
tecting a veryminute electriccurrent.
If the magnet is at rest the galvano-
meter will show zero; but if the
magnet is moved, a flow of current
will be registered and will so con-
tinue as long as the magnet is kept
moving, but as soon as the magnet
is allowed to become stationary the
flow of current will cease. This
phenomenon is called electro-magnetic induction, and is of great im-
portance to the student of any branch of electrical engineering.

The effect of a magnetic field on a straight wire is limited, but the effect
applied to a coil is important. Fig.
43 shows a coil suspended in the
field of a magnet and connected to a
battery ; the flow of current through

Fig. 41.— Section of a coil showing the position taken up by
an iron rod due to action of the magnetic field.
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Fig. 42.—A current will beinduced in a conductor
if a magnet is moved in its vicinity. Small
arrows show direction of conventional current
when the north pole is moved towards the
conductor.

P s |

Fig. 43.—The energised coil and permanent
magnet will attract or repel each other accord-
ing to their relative polarity.

the coil will set up an independent
magnetic field which will cause the
coil to be drawn towards the magnet
or repelled, according to the direc-
tion of the current. If the coil is
connected to an alternating-current
source (instead of the battery) the

coil will move backwards and forwards in sympathy with the change of

amplitude and direction of flow of the alternating current.

For this

experiment the permanent magnet could be changed for an electro-magnet
or for a simple coil ; the effect would be the same.

R.T. T—4
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Another aspect of magnetic phenomena is mutual induction, which in
brief is the transference of electrical power from one conductor to another by
virtue of magnetic coupling. Fig. 44 shows two coils which for convenience
are denoted by the letters P and S respectively. Coil S is connected to a
galvanometer to give visual indication of the flow of current. If a cell is
connected across the coil P and the

switch closed, it will cause the —e"
galvanometer needle to move and
then immediately come to rest ; if

the switch is opened a similar
movement of the needle will take
place in the opposite direction. ) P s @

This simple experiment shows
that electrical power is conveyed
from one coil to the other by
mutual induction when an electrical
change occurs. When the coil P is
passing a steady current, current
1s not induced in coil S. . - N

To carry this experiment to its Fig. 44-—When the switch is closed or opened a
logical conclusion the ends of the ) |
coil P are connected to an alternating-current source, which will resul
in the galvanometer showing a to-and-fro movement because the direction
of flow of current through the coil P is continually changing, therefore a
current is constantly induced into the coil S ; this induced current will be
alternating current having exactly the same characteristics as the current
flowing through the coil P, excepting only the
amplitude, which will be larger or smaller de-
pendent on the number of turns in each coil
and the distance between them.

The letters P and S are not an arbitrary
choice, as P stands for primary, which is the
coil where the original or primary current flows,
. N ol € and S stands for secondary, which is the coil in

ormer; the primary s Which the induced or secondary current flows.

between the split secondary Two coils used in this manner constitute what

winding. is called a transformer, which in practice may
comprise any number of primary and secondary windings ; the coupling
may be entirely due to mutual induction, which may be aided by an iron
core which is common to all windings; Fig. 45 shows a simple split
secondary transformer. |

The transformer has two main applications: (1) to convey power from
one part of a circuit to another when a direct metallic connection is incon-
venient ; and (2) to raise or lower voltage : this application makes the
transformer a most valuable piece of apparatus.

If an iron-cored transformer, such as that shown at Fig. 45, has 1,000
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turns on the primary and 5,000 turns on the secondary, the voltage avail-
able across the secondary will be nearly five times that across the primary.
When the secondary is composed of a greater number of turns than the
primary it is termed a step-up transformer because it ““ steps up ”’ the
voltage. Conversely, when the smaller number of turns is on the secon-
dary it is known as a step-down transformer.

The relationship between the number of turns on primary and secondary
is referred to as the ratio, which is determined by dividing the greater
number of turns by the smaller, thus, 5,000 primary turns and 10,000
secondary turns is referred to as 2: 1 step up while 10,000 primary
turns and 5,000 secondary turns is 2 : I step down.

When a transformer is well designed the voltage ratio is nearly equal
to the turn ratio, #.e. when 10 volts is applied across the primary ofa 2 : 1
step-up transformer, 20 volts will be available across the secondary.
Actually, this perfection is not achieved in practice owing to various
losses, which include resistance of windings, leakage of magnetic flux, and
what are called eddy current losses.

In order to reduce eddy current losses, the core of a transformer is made
up of laminations, #.e. thin iron plates separated from each other by paper
or some other suitable material. Alternatively, it is sometimes composed
of a bundle of iron wire for the same reason. Transformers required to
carry speech-frequency currents often use cores made of mu-metal, which
is an iron-nickel alloy ; while certain types of transformers, that are in-
tended to carry radio-frequency currents, utilise a core of finely powdered
iron mixed with some suitable material. In both cases the iron is split up
into a great number of parts which are separated from each other by non-
magnetic material, resulting in a very great decrease of eddy current loss.

A transformer may be wound to give any ratio of voltage between
primary and secondary, but it is important to realise that whatever the
ratio, the wattage of the primary must always be equal to the wattage of
the secondary plus power wasted due to losses, therefore a transformer
having a step-up ratio of 5:1, and a primary current of 1 amp at an
applied voltage of 100 V, will induce a voltage of 500 V across the secon-
dary when the secondary current is -2 amp. This example assumes that
there are no losses, the primary and secondary wattage being 100 watts in
each case ; in practice, however, the average transformer used in radio
receivers has an efficiency of about 8o per cent., ¢.e. the available second-
ary wattage is 8o per cent. of the wattage taken by the primary.

There are two distinct types of transformer : the double-wound type,
which has two separate windings without metallic connection between
them ; and the auto-transformer, which has virtually a single winding
with an appropriately placed tapping. The conventional symbols for a
double-wound transformer and auto-transformer are shown at Fig. 46 and
Fig. 47 respectively. There are numerous refinements in transformer
design and factors determining their performance which are dealt with in
the appropriate chapters
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The phenomenon of a magnetic field set up by the flow of current intro-
duces a quality known as inductance. Inductance is to electricity what
momentum and inertia are to mechanics. Briefly, inductance is that
quality which tends to oppose a change in the flow of current. It has
already been explained that the passage of current through a wire sets upa
magnetic field ; it has also been explained that a changing magnetic field
will induce a voltage in a neighbouring conductor. It is, therefore, not
surprising that a magnetic field induces a voltage into the conductor
around which it originates. This induced voltage opposes the original
current and delays the rate at which it may increase. If the original
current is D.C., inductance will not influence the flow of current when it
has attained a steady level, as a voltage cannot be induced by a steady
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Fig. 46.—Left : the conventional sym- Fig. 47.—Rught: the conven-
bol for an iron-core transformer. tional symbol for an iron-core
Right : the symbol for an air-core auto-transformer. Left: the
transformer. symbol for an air-core auto-

transformer.

field ; it is apparent that since alternating current is always changing it
will be profoundly influenced by inductance.

Inductance also opposes a decrease of current when current decreases,
the lines of force decrease and in so doing induce a voltage in the same
direction as the original current, which delays the decrease.

To summarise, it may be said that an increasing magnetic field induces a
voltage which opposes the current that causes it, while a decreasing field
induces a voltage in the same direction as the current that causes it.

In the above explanation reference has been made only to inductance
in a straight wire. Actually inductance in a straight wire is very small,
but is considerable in a coil, and for a given number of turns it is still
further increased if the coil has an iron core.

The henry is the unit of inductance, and may be defined as the induct-
ance necessary to bring about a reverse pressure of 1 volt when the flow
of current is increased by 1 amp in 1 second. Large iron-cored coils and
transformers have an inductance of many henrys, but when expressing
the inductance of small air-cored coils it is convenient to use the micro-
henry, which is 1453406 Of @ henry. The recognised abbreviation for
inductance is L, the henry H, and the microhenry pH.



CHAPTER 6
CAPACITY

IF a conductor is temporarily connected to a source of potential it will
continue to hold a charge after disconnection provided that it is insulated
from earth and any other conductor; this ability to hold an electric
charge is called * capacity.”

Capacity may exist as a charge on a single conductor that has no electri-
cal relationship to any other, in which case it is referred to as “ self
capacity.” Capacity may also exist between two conductors: in this
case it 1s simply referred to as ““ capacity.” The existence of self capacity
may be easily demonstrated in the following manner.

A suitable object, e.g. a brass ball, is carefully insulated by suspending
it with non-conducting material ; it is then charged by momentaril
connecting to it the negative side of a potential source. The brass ball
will now hold a negative charge; if one side of a galvanometer is con-
nected to earth, the needle will show a deflection when the other terminal
is connected to the brass ball. This is due to the charge cf electrons
escaping to earth.

The amount of self capacity possessed by any object is dependent on
its surface area and the medium surrounding it. Thus a large ball
has a greater capacity than a small ball, and as capacity is dependent
on surface area it follows that the self capacity of a thin sheet of metal is
greater than that of a solid metal ball having the same mass. The
capacity may be increased if the ball is immediately surrounded by a suit-
able substance; if, for example, it is surrounded by paraffin wax its self
capacity would be about three times greater than when surrounded by air.

The amount of capacity existing between two conductors is controlled
by three factors: (1) the surface area of the conductors—the capacity
is proportional to the surface area; (2) the distance between the con-
ductors—the smaller the distance between the conductors, the larger
will be the capacity ; and (3) the nature of the medium between the
conductors, which is called the dielectric. Conditions (2) and (3) are to
some extent related ; the charge held by virtue of the capacity between _
two conductors is due to a strain imposed upon the insulating material
between them, therefore the closer the conductors are to eaca other the
greater will be the strain. The difference of potential between the two
conductors will exert a definite strain, but some substances are more
easily affected in this way than others. Thus, by immersing the conduct-
ors in paraffin wax the capacity is increased about three times, and by

43
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filling the space with selected mica the capacity will be increased by
about, eight times.

The quality of an insulating material to influence capacity is referred
to as the dielectric constant or permittivity, which is usually abbreviated
as “s.” The dielectric constant for dry air is 1, for paraffin wax 3, for
ruby mica 8; the table of dielectric constants is given in the Radio
Circuits and Data Volume, where it may be seen that the figure for
almost every substance varies with different samples. |

The amount of capacity between two wires is very small, therefore
when it is deliberately desired to introduce capacity into a circuit it is
convenient to use a device called a condenser.

The unit of capacity is the farad, which may be most readily defined
in the following terms. A condenser having a capacity of one farad will
take a charge of one coulomb of electricity when a p.d. of one volt is
applied across it. The coulomb is a unit of quantity, and may be defined
as the amount equal to the flow of one ampére for one second.

The symbol for capacity is C and for the farad F.

The Farad.—The farad is too large for convenient reference in radio
engineering, therefore two smaller denominations are in general use.
The microfarad is 1453409 Of a farad, and is variously written as uF,
mf., or mfd. The micro-microfarad is 1553455 Of a microfarad, and is
variously written as yuF, mmf., or mmfd. It should be noted that m.
normally stands for ;4 ; it is therefore unfortunate that mf. has become
the colloquial abbreviation for ;53455 Of a farad. |

There is a Continental rating for capacity which is arrived at by lineal
measurement. A condenser is spoken of as having a capacity of so many
centimetres (which is written cm.) ; one puF = -9 cm. Unfortunately it
is quite common to find a small condenser marked with its capacity in
cm. in British-made receivers. l U

It has been stated that capacity is inversely proportional to the distance
between condenser plates. It might appear at first sight that capacity
could be increased indefinitely by decreasing the spacing, but a limitation
is imposed by the danger of the insulation being broken down by the
applied voltage, therefore the minimumr permissible thickness of dielectric
will increase in proportion to the working voltage. Commercially manu-
factured condensers have a declared working voltage which is usually about
two-thirds of the voltage applied to the condenser for testing purposes. |

Mention has also been made of the increase in capacity due to the use of
a dielectric such as mica ; unfortunately it is not practicable to make use
of this factor when designing condensers for all purposes, as many in-
sulating materials introduce what is termed dielectric loss, which is
most objectionable when dealing with very high frequencies. Therefore
for this purpose air dielectric condensers are often insisted upon, although
there are on the market condensers, using a type of porcelain dielectric,
which are generally satisfactory. Mica is also precluded from use in
large condensers on account of the relatively high cost involved: the
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types of condensers at present available are so diverse that the following
brief description of each will prove of interest and also serve to indicate
their uses and limitations.

The air dielectric condenser has special applications when very high
frequencies are to be handled, and otherwise in transmitters where high
voltage would accentuate dielectric loss. The main variable condensers
used in radio receivers are almost always of the air dielectric type. The
variable condenser will be familiar to most readers, but for the sake of
completeness a typical example is illustrated at Fig. 43. Those plates
which are almost hidden by the
framework are stationary and are
referred to as the fixed vanes; the
other set of plates, the moving vanes,
may be rotated so that any portion
of their surface is between the fixed
vanes. In this way the capacity of
the condenser may be varied within
wide limits. The moving vanes may
be shaped so that any desired rate
of capacity change (per degree of
rotation) may be obtained, but for
reasons that will be apparent in
due course a moving vane usually
approximates to the shape shown at
Fig. 48.

The paper dielectric condenser is
very widely used for capacities of
o1 pF and upwards, although often Fig. 48.—A simple variable condenser.
used for lower values. The declared
capacity of paper condensers is not always very accurate, but the lower
values may be obtained accurate to within + or — 5 per cent. Paper
condensers are usually tubular in form and provided with short lengths
of wire at each end for the purpose of making connection. Those sold
to the general public are sometimes housed in rectangular metal con-
tainers, and provided with terminals. These condensers are suitable for
any purpose in a radio receiver except where the very highest possible
insulation is required.

Mica condensers are in general use for capacities below -ox pF, and
usually take the form of a series of copper-foil plates interleaved with
mica plates and housed in a moulded container. There are specialised
condensers, among which is the silver-deposited type consisting of a
mica sheet with a layer of silver, chemically or electrically deposited on
each side : the aim of such a condenser is to retain a constant capacity
irrespective of temperature change. Small variable condensers often
employ mica discs as a dielectric between the vanes.

The ceramic condenser uses a special dielectric which closely resembles
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porcelain and is used where a condenser is required that is practically
unaffected by temperature change; it is sometimes rectangular in
appearance, although very small values are shaped so that they appear
like half of a sphere and are about § inch in diameter.

The electrolytic condenser is used where large capacities
are required and a small continuous leak is not detrimental.
There are two distinct types of this condenser, the wet
electrolytic and the dry electrolytic ; the former isillustrated
at Fig. 49, the outer case being broken open to show the
interior construction. Briefly, the wet electrolytic condenser
consists of an aluminium case containing a solution in which
an aluminium electrode is placed. This type of condenser
should only be charged in one direction, #.e. the aluminium
‘“case ”’ must always be joined to the negative pole, and the
inner electrode to the positive pole. When voltage is first
applied across this type of condenser a heavy current flows
through it which breaks up the molecular structure of the
solution and causes gas to form on the positive plate ; thus
the inner electrode is one plate of the condenser, the gas is
the dielectric, and the solution is the other plate. The
capacity is greatly increased by engraving or sandblasting
the inner electrode to increase its surface area ; in this way
capacity may be increased by twenty times. The great
advantage of this type of condenser is the high capacity for
a given size ; an electrolytic condenser measuring 6 inches by
1} inches may have a capacity of 3z uF, whereas a paper

Fig. 49. condenser of the same capacity and diameter would be about
40 inches long.

The dry electrolytic condenser is similar to the wet type except that the
solution is replaced by a stiff jelly ; thus it may be used in any position,
whereas the wet type must always be upright.

Condensers connected in parallel have a total capacity equal to the
sum of the individual capacities, but in series the capacity is equal to
the reciprocal of the sum of the reciprocals, that is to say—

G 0

¢, xC
C_—__; or C=2a 2
G+,

I, 1,1
G + C, + C, etc.

The right-hand formula is applicable when it is desired to find
the capacity of omly #wo condensers in

series. It may be seen from the above | |+ i
formula that the capacity of two or Z
more condensers in series must always | = 7|

be less than the capacity of the smallest Fig. 50—Symbols: Lefs, fixed con-
denser. Centre, electrolytic con-
condenser, denser. Right, variable condenser.
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CONDENSER MANUFACTURE
To-day radio manufacturing requires considerable specialised plant. This photograph shows a
battery of condenser impregnation vats at the condenser section of British Insulated Cables,
Ltd.
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CHAPTER 7
REACTANCE AND IMPEDANCE

REeLATIONSHIP between D.C. voltage, D.C. current, and pure resistance as
defined by Ohm’s law is dealt with in Chapter 4. This law is only appli-
cable for calculations based upon the flow of direct current. Calculations
of this nature based on the flow of alternating current must take into
account the reactance of the circuit. Reactance, which is written *“ X,”
may be defined as the opposition to the flow of current due to inductance
or capacity or both

When potential is applied across a pure resistance, ¢.g. a piece of carbon
rod, the opposition offered to the flow of current will not vary with the
nature of the applied potential; if the carbon rod has a resistance of, say,
ten ohms, this factor will remain constant irrespective of all other con-
siderations and it is immaterial whether the applied potential is alternating
or continuous.

Phase.—Fig. 51 shows a circuit con- —_x
sisting of an inductance in series with
ahot-wire ammeter, which is an instrument
that will measure the flow of either alter-
nating or direct current. If a D.C. potential
is applied across XY the meter will register
the current flowing, which will be dependent
upon the applied voltage and the pure re-
sistance of the circuit due to the resistance
of the wire of which the inductance is .y
composed. Ifan A.C. potential of the same Fig. 51.—Thisillustration shows diagram-
value as the D.C. is applied across XY, it ~matically an iron-cored coil in series
will be found that the current is much less '
and, further, an increase of frequency will cause the current to be still
smaller. This is due to the reactance of the coil which opposes the flow of
alternating current.

When an A.C. potential is applied across a circuit which comprises a
pure resistance, the alternating current flowing will rise and fall in exact
sympathy with the rise and fall of the applied voltage ; in other words,
maximum current will occur simultaneously with maximum voltage (in
each direction) and voltage and current are said to be in phase.

When inductance is introduced into the circuit, current and voltage are
no longer in phase; the rise and fall of voltage will not be affected, but
maximum current will occur later than maximam voltage, due to the delay
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caused by inductance. If the inductance of a circuit is so high compared
to the resistance of the circuit that the latter may be neglected, the rise
and fall of current will be a quarter of a cycle behind the voltage which
is referred to as a current lag of go°.  Since the current is lagging behind
the voltage the significance of the term ““lag” is obvious, while the repre-
sentation of a quarter of a cycle by the expression go° is conventional, as
a complete cycle is regarded as 360°.

Reactance.—The inductive reactance in ohms is equal to 2zf L where
7 = 3:141, f = frequency in cycles per second, and L = inductance in
henrys. It is important to note that no power is consumed in overcoming
the opposition due to inductance, as the energy expended in building up
the magnetic field which opposes an increase of current is given back to
the circuit when the field collapses due to the decrease of current.

Fig. 52 shows diagrammatically the relationship between voltage and
current due to pure in-
ductance. Itcanbeclearly
seen from this illustra-
tion! that the current lags
by go°. Current related
in this manner to voltage
is termed reactive, or
wattless current, because
the average power is zero
for each complete cycle.

When resistance and
inductance are both pre-
sent in a circuit the cur-

TIME rent lag will be less than
) . _ ) 90°, but since the exact
Fig. 52.—Each vertical division represents 9o°, i.e. } cycle.

This illustration show the go® current lag in a purely inductive phase-angle relationShip

circuit. As time is depicted as moving from left to right the between volt age and
current reaches its maximum at B affer the voltage reaches its . .
maximum at A. current i1s unimportant

when studying the more
practical aspects of radio engineering, it is not within the scope of this work
to go into the subject very fully, although further reference is made in
appropriate chapters.

Attention may now be drawn to the effects resulting from the intro-
duction of capacity into a simple circuit. Fig. 53 shows a lamp in series
with a condenser ; if D.C. potential is applied across the ends of this
circuit XY, the lamp will not light, as the condenser forms a complete
break in the circuit and prevents the current from flowing. It is important
to note, however, that current will flow momentarily until the condenser
has become completely charged. If the capacity of the condenser is
sufficiently high, the charging current will cause the lamp to light
momentarily.

! Readers finding difficulty in interpreting this illustration should read Appendix 1 (2).

-

I—CURRENT-l '—VOI.TAGE—I

=




REACTANCE AND IMPEDANCE 49

Substitution of A.C. for D.C. will result in the lamp lighting In a normal
manner providing that the condenser has a suitable capacity. If the
capacity is increased, the lamp will light more brilliantly, and vice versa.
The fact that the lamp lights might be interpreted as proof that alternating
current can flow through a condenser ; it is convenient to assume that
this is the case because the effect is often similar, but it is desirable to
understand what actually takes place. As the terminals X and Y are
connected to a source of A.C. potential, each will become alternately
positive and negative. Consequently, each plate of the condenser will
become alternately positive and negative, which in turn will result in
electrons flowing to and away from each plate in turn; in other words,
the condenser will be charged, first in one direction and then in the other.
Reference to Fig. 53 will show that the charging current on the way to
plate A and the discharging current from A must neces-
sarily pass through the lamp, which will light in the
normal manner. To summarise, a lamp may be made
to light when in series with a condenser, although X
electrons do not flow from one end of the circuit to the
other. -

The opposition to the flow of current due to capacity 'E
is called capacitive reactance and, in order to assess the
opposition, it is convenient to refer to the reactance Fig. s3.—Alampinser-
of a condenser as being equal to so many ohms. The  ieswitha condenser.

] o In suitable circum-
reactance of a condenser will vary with frequency and  stances the lamp wil

—.’

i Ing si ion: light if an A.C
may be determined by the follow1Ing simple equatio o o
Reactance = — - across XY.
21rfC

where = = 3.141, f = frequency, and C = capacity in farads.

It has been explained above that reactance due to pure inductance does
not absorb any power from the circuit. This is equally true of reactance
due to pure capacity, assuming the condenser to be theoretically perfect.
In practice, however, the condenser will not give out a charge equal to that
which it has taken in, due to dielectric and other losses.

It will be remembered that inductance causes the current to lag go°
behind the voltage ; the converse is true of capacity which causes the
current to lead the voltage by go°.

It has already been explained that a phase difference of go°® between
voltage and current is a condition of zero power ; the latter is therefore
wattless current.

Impedance.—It is impossible to have a circuit comprising either pure
inductance or pure capacity, as pure resistance must also be present due
to the resistance of the connecting wires used, the resistance of the wire
comprising the choke, and the resistance of the actual condenser plates.
Occasions will arise, however, when the reactance of a circuit is so high
compared to the resistance that the latter may be neglected: in such
circumstances the current may be taken as being proportional to the
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applied voltage and inversely proportional to the reactance of the circuit.
The majority of circuits will possess both reactance and resistance, which
will both influence the flow of current ; the combined effect of reactance
and resistance is called impedance, the symbol for which is ““ Z,” and is
determined by the following simple equation :

Impedance = +/(Reactance)? + (Resistance)?

If both inductive and capacitive reactance are present in the circuit
the total reactance is the difference of these two reactances, a detail that
is fully discussed in Chapter g.

The reader will not grasp the practical significance of lagging and
leading current at this juncture, but the next chapter deals with the
distribution of potential in circuits containing resistance, inductance, and
capacity, and also explains the modification of Ohm’s law to alternating
current and potential.



CHAPTER 8
ALTERNATING CURRENT

MaNY textbooks attempt to draw a dividing line between alternating
and high-frequency currents, a procedure that must inevitably cause a
certain amount of confusion inasmuch as it implies that there is some
fundamental difference between the two.

The nature of alternating current has already been described ; what
are colloquially termed high-frequency currents are simply alternating
currents of very high frequency, there is no other difference or distinction
whatever. This chapter deals with alternating current in general and its
association with inductance, resistance, and capacity; phenomena
peculiar to alternating currents of very high frequency are dealt with in
subsequent chapters, where such considerations are appropriate. It
will be remembered that alternating current is built up by a current that
rises and falls rhythmically in each direction ; it follows, therefore, that
maximum current is only maintained for a fractional portion of the dura-
tion of each cycle.

R.M.S.—The maximum current attained is called the * peak ”’ value
of the current, similarly the maximum voltage attained is called *“ peak "
voltage. Since the duration of the actual peak value is relatively short,
it would be unreasonable to expect that it could accomplish the same
effect as a continuous current of equal magnitude ; in other words, an
alternating current of 10 amps (peak) flowing through a resistance of
10 ohms would not dissipate as much heat as a continuous current of
10 amps flowing through the same resistance.

It can be shown mathematically that the value of alternating current
producing the same heating effect as a continuous current is equal to
the peak current divided by the square root of 2 (i.e. divided by 1-414 or
multiplied by -707). The value thus obtained is called the R.M.S. value.
R.M.S. is the accepted abbreviation for root mean square, and it is both
interesting and instructive to pursue the meaning of this expression and
to see why the behaviour of an alternating current waveform should be
affected by square root. It will be remembered that power (e.g. heating)
is proportional to the square of the current.! Fig. 54 shows a curve
obtained by plotting the squares of an alternating-current waveform.
It will be noted that the zero line is shown at the bottom of the curve,
because Fig. 54 is solely concerned with the magnitude of the current
squared and not with its direction. The height of the line AB represents

! See Ohm’s law, Chapter 4.
5
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the mean or average value of the square of the current, inasmuch as the
rectangle ABCD is equal in area to the area of the waveform ; this is quite
obviouswhen it is realised that
a rectangle can be formed by
cutting off the peaks above the
line AB and inverting them
into the troughs below this
line.

A glance at Fig. 54 will
now show the meaning of
root mean square, which may
be expressed in the following
way. The root mean square is the square root of the mean or average
value of the current squared, and is comparable with the same value of
continuous current.

It may be seen from Fig. 54
that the curve must have a
particular shape in order
that the upper half will fit
exactly into the lower half.
[t must, in fact, be derived
from what is termed a “ sine
wave,”’ an example of which is
shown at Fig. 55, which is an
actual oscillograph recording
of the waveform developed by
a very good A.C. generator.
A moment’s thought will show Fig. 55.—An oscillogram of a sine wave ; the illustration
that a waveform such as that shows one complete cycle.
shown at Fig. 56 would be
equal to a continuous current that is considerably smaller than 707 of the
peak value, while it is cqually apparent that the converse applies to Fig. 57.

AN [

Fig. 54.—This diagram shows how the expression root
mean square is derived.

Fig. 56.—A waveform which has a low mean Fig. 57.—A waveform where the mean and
value ; note the comparatively small tinted peak values are nearly equal ; note the large
area. This illustration, like Fig. 57, has been tinted area.

drawn to accentuate the explanation in the
text ; the shape is rather improbable.

(As already intimated in Chapter 1, the most complex waveform must
necessarily be capable of being resolved into a number of sine waves.)
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The Sine Wave.—The exact nature of a sine wave is difficult to
define except in pure mathematical terms; the following description
of the manner in which a sine wave may be plotted by projecting a circle
should be studied carefully. It is not assumed that the reader will ever
have occasion to plot a sine wave in this manner, the description being
included solely as a convenient means of defining its shape. Fig. 58

Fig. 58.—The relationship between a sine wave and a circle can readily be seen from this illustration in
conjunction with the text.

shows a circle which has been divided into thirty-two parts, the line AB
is also divided into thirty-two parts ; it is intended that the distance AB
shall represent one cycle, the actual length in terms of inches is quite
arbitrary. To plot a sine wave lines are projected horizontally from each
point on the circle until they meet the corre-
sponding vertical lines formed by the divisions
on the line AB. When this procedure has been
completed for one half-circle, the points thus
plotted may be joined up, the resulting curve
being one half-cycle of a pure sine wave. In
the illustration, Fig. 58, the curve has been
plotted for a further one and a half cycles, in
order to accentuate the shape of a pure sine
wave.

It must be particularly stressed that a sine
wave curve represents a particular law govern-
ing the rate of change in amplitude compared
with horizontal displacement (time). It will Fig. 50.—An A.C. waveform taken
be remembered that the length of the line AB  With the same generator as that
was arbitrary ; by making this line half or P o i2king Fig. 55 the
double the length the curve could have been  buttherateof change remains the
made to appear different. Figs. 55 and 59are 2"
oscillograms of the same A.C. generator, no change whatever having been
made except to shorten the horizontal axis (z.e. the length of the line AB in
Fig. 58). The important point to note is that in Figs. 55, 58, and 59, the
rate of change in amplitude for each corresponding degree of each cycle is the
same in each case and furthermore follows a true sinusoidal law.
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Ohm’s Law.—The application of Ohm’s law to alternating current is
very easily expressed by the simple equation, volts = ampéres X impe-
dance (in ohms), which expressed in the usual way and with the usual
abbreviation is—

V=1IZ

It will be remembered that Ohm’s law could be rearranged so that the
unknown quantity could be readily determined. In the same way the
simple equation above may be expressed as—

Iz‘Z’ or Z=—¥

These equations apply equally well for peak values or R.M.S. values
but they may not be mixed in any one equation, that is to say, that if V
is expressed as an R.M.S. value, I must also be expressed as an R.M.S.
value.

If Z happens to be made up of pure resistance, the wattage dissipated
in the circuit is determined by the same expression as that used for con-
tinuous current, namely, V X A = W where V = volts (R.M.S.), A =
amps (R.M.S.), and W = watts. Wattage, it will be remembered, is an
expression of power inasmuch as it may be regarded as
directly representing rate of doing work. Itisapparent,
therefore, that Vand A must be in terms of R.M.S. values
because, as already explained, the peak value does not
represent the true value of voltage or current in terms
of its ability to perform work or dissipate heat.

If the simple application of Ohm’s law constituted the
whole story, calculations of alternating-current electricity
would, indeed, be simple. As already stressed, the direct
application of Ohm’s law is only possible when the im-
pedance of the circuit is made up of pure resistance ;
when reactance is present, considerable complications
arise. Consider, for a moment, the circuit, Fig. 60, which
shows a resistance R in series with an inductance L
(which for the present purpose is assumed to be a pure
inductance with negligible resistance). Assume that R
Fiig?‘?,;f&“ii‘é“?ﬁ has a resistance of 5Q and that L has a reactance

series. (27 fL) of 5Q, and that 100 volts peak A.C. is applied

across XY.

R and L in Series.—If L and R were both pure resistances they could
simply be added together and Ohm’s law applied, which would show that
a current of 10 ampéres would flow through the circuit ; furthermore, it
could be determined that the p.d. across each section of the circuit would
be 50 volts. It will be remembered that when current flows through an
inductance, voltage and current are go® out of phase, but that when
current flows through a resistance it is in phase with the voltage. Since
the current flowing through the circuit must have the same value and the
same phase sense at any point, it follows that the voltage across R will
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reach its maximum coincident with maximum current, but the voltage
across L will not.

It is obvious that the voltage across R plus the voltage across L must
at all times equal the applied voltage ; it also follows that the sum of the
individual maxima must be greater than the applied voltage. It will be
interesting, therefore, to work out the current fiowing through this circuit
and the maximum p.d. across Land R. The obvious method of apProach
is to determine the current flowing by the application of Ohm’s law,

[ = %, The first step is to determine the value of Z (impedance) which

is arrived at by adding R and X vectorially, that is to say taking the square
root of R? 4- X2, which for the values shown in Fig. 60 may be written—

Z=+R+X3 or Z = V25 + 25 = 707Q

The impedance of the circuit is now known, therefore the peak value
of current flowing may be determined by the simple application of Ohm’s
law as follows :

Vv 100

It is interesting to note that the current is approximately 40 per cent.
greater than would have been the case if a pure resistance had been
substituted for L. Now that the current is known it is a simple matter
to determine the maximum p.d. across L and R, which will be the same
in each case, the actual calculation being as follows—

V=IXR=1414 X 5=707V

It is stressed that the p.d. across R does not reach 70-7 volts at the
same time as the maximum p.d. across L ; when the p.d. across R is at
maximum, ¢.e. 70-7, the p.d. across L will be zero,! and vice versa.

The power dissipated in the whole circuit will be only that dissipated
in the resistance R, which may be determined by applying the now familiar
I*! x R=W. It must be remembered that the current here is the

R.M.S. value, i.e. iti: =10 A, so that the power is 10?* X 5 =500

watts. The current flowing through and the p.d. across L may be
ignored when calculating the power dissipated in the circuit, because,
as already explained, energy is not expended in this portion of the circuit
the voltage being 9go° out of phase with the current.

R and C in Series.—It will be noted that in the preceding calculation,
L has been represented solely by its reactance (5Q), therefore all the

figures would hold good if a condenser having a reactance (271-%5 )of 5Q

were substituted for the inductance. The simple calculations given in
this chapter are included as a convenient means of giving the reader an
insight into the behaviour of alternating current in a circuit containing

! Since the current through the circuit will be out of phase with the applied voltage, maximum
current will be reached when the applied voltage has fallen to 707 volts.

R.T. I—§
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resistance and reactance. It will be appreciated that, in practice, an

inductance will possess pure resistance due to the actual wire from which

it is made ; it is, however, generally satisfactory to regard such a com-

ponent as a pure inductance in series with a pure resistance (i.c. the
resistance of the winding).

R in Parallel with L or C.—Fig. 61 shows the circuit rearranged so

that R and L are in parallel, having values of 5Q resistance and 5Q

reactance respectively ; in this arrangement, cur-

rent from the source of supply will flow directly to

£ each component, consequently each will pass a

current quite independently of the other. It is

. = easy to see, therefore, that if the applied p.d. is

Yt 100 volts A.C., R (having a resistance of 5Q) will

< pass 20 amps, and L (having a reactance of 5Q) will

. o1 Resistance and also pass 2o amps. It must not be assumed, how-

ibduetance n parallel,  €Ver, that the total current flowing is 40 amps; if

both R and L were pure resistances this would be

true, but since L is an inductance, the current flowing through it will be go°

out of phase with the current flowing through R, consequently the maxi-

mum peak current through each component will not occur at the same time,

and the total peak current can never be as great as the sum of the indi-

vidual peak currents. It is scarcely within the scope of this work to

elaborate upon these matters, but it will be of passing interest to conclude

the consideration of Fig. 61. The total current flowing may be deter-
mined by adding the two currents vectorially :

total current = /I + L2 = v/400 + 400 = 28-3A (approx.)

As an alternative method of determining the current, the joint impe-
dance of the circuit could be calculated, and with the knowledge of this
value and the applied p.d., Ohm’s law could be applied and the current

determined by the familiar formula I=\—; The total impedance of

resistance and reactance in parallel can be determined by combining them
in the following formula—

I
Z = 1;2 ' ~I—; )
V(@ + (%) .

In both the above formule it is assumed that L is
a pure reactance, and all remarks would apply if L
were replaced by a condenser having the same
reactance, the circuit for such an arrangement  Fig. 62— Resistance and
being shown at Fig. 62. S R

Some readers will no doubt notice that this formula can be simplified in
the mathematical sense, but this is not shown as it would tend to confuse
rather than clarify the point at issue.




CHAPTER 9
THE TUNED CIRCUIT

CHAPTER 8 explained the effect of capacity and inductance when asso-
ciated with resistance. The association of capacity and inductance in
the same circuit will, under suitable conditions, bring about the pheno-
menon of resonance which is the quality that makes it possible for a wire-
less receiver to select a particular station from among a number of others.
It is apparent, therefore, that the subject dealt with in this chapter is of
major importance in radio engineering.

L and C in Series.—The simple circuit (Fig. 63) shows an inductance
having a reactance of 10Q at, say, 50 cycles in series with a condenser
having a reactance of 5Q at 50 cycles it will be remembered that induc-
tance causes the voltage to lead with respect to the current, whereas
capacity causes the voltage to lag, the total reactance therefore is equal
to the difference between the inductive and capacitive reactance which
in Fig. 63 will be 5Q at 50 cycles.

The simple application of Ohm’s

law will show that if a 50-cycle A.C. wm\—i —
potential of 5 wvolts is applied, a
current of one ampére will flow; the
important point to note is that the X Y
same current will flow if the two

componentsin Fig. 63 were replaced

by either an inductance or condenser having a reactance of 5Q. It is
apparent that the condition represented by Fig. 63 must be entirely imagi-
nary, as it is impossible for a circuit to be without some pure resistance.

Fig. 63.—Inductance and capacity in series.

It will be remembered that the reactance of a condenser equals 2“—1}.~C

consequently the greater the frequency the lower the reactance. It will

also be recalled that the reactance of an inductance equals 2xnfL, therefore

an increase of frequency will

L c . bring about an increase of re-
_W l_w_ actance.

Fig. 64 is a modification of

Fig. 63, inasmuch as resistance

X Y is included in the circuit ; it is

— not, in this instance, intended

Fig. 64.—Inductance and capacity in series: the high- tq represent a Separate com-

frequency resistance of the complete circuit is sym-
bolised by a series resistance. ponent, but represents the

57
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high-frequency resistance of L and C. In this way it is possible to regard
L as pure inductance, C as pure capacity, and 7 as resistance, which may
be given an arbitrary value of, say, 20Q at 800 kilocycles per second.

Reference to Fig. 65 will show the reactance of one value of capacity
and three values of inductance over a range of frequencies ; for example,
it may be seen that the reactance of a 200 wH inductance at 800 kilocycles
(375 metres) is 1,000Q approx. It may also be seen that the reactance
of a 200 pu F condenser is also 1,000Q approx. at the same frequency; it
will be interesting to apply these values to L and C in Fig. 64.

Resonance.—Assuming that an A.C. potential of 100 millivolts is
applied across the terminals XY at the above-mentioned frequency of
800 kilocycles per second, it will be easy to determine the current flowing
in the circuit when the total impedance is known. The total reactance
of L and C will be zero, since, under the conditions chosen they both have
a value of 1,000Q ; as already stated the total reactance of inductance
and capacity in series is equal to the difference of their individual reac-
tances. The reactance of L and C having cancelled each other the im-
pedance of the circuit will be equal to the resistance, “7,” and the condi-
tion of resonance will be obtained ; the application of Ohm’s law will
show that the applied pressure, ¢.e. 100 millivolts, will cause a current of
5 milliampéres to flow.

Magnification.—The simple circuit under review and the values
chosen will now serve to introduce what is perhaps the most extraordinary
set of circumstances that can be found in the study of electricity. As
explained above the impedance of the circuit in question is only 20Q
because the reactance of L and C cancel each other, but when L is reviewed
separately it is an indisputable fact that it has a reactance of 1,000Q and
5 milliampéres is flowing through it, and to determine the potential
difference across this inductance Ohm’s law may be applied, which will
reveal the surprising value of 5,000 millivolts, notwithstanding that the
total applied potential is only 100 millivolts. |

In other words, the potential difference across the ends of the inductance
L is fifty times the applied potential ; thus the circuit is said to have a
magnification factor of fifty. The accepted abbreviation for coil magni-
fication is ““ Q,” although the old abbreviation “ m ”’ is sometimes used.

The particular method used above to determine the magnification of
the circuit shown at Fig. 64 was chosen in order to explain as fully as
possible what takes place when a circuit is at resonance ; there is a more
direct method of determining this factor, as the magnification of a circuit
at resonance is equal to the ratio of reactance to high-frequency resistanc%:,
which may be written as follows : ‘

Inductive reactance

H.F. resistance
27

Q==

Coil magnification = or Q = %( or
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Selectivity.—Returning to a further consideration of Fig. 64 it will be
interesting to study the effect of applying two different frequencies across
the terminals XY, a condition closely resembling that set up in a wireless
receiver within the range of two broadcasting stations; one frequency may
be the resonant frequency for the values chosen, 1.¢. 800 kilocycles, and the
other 700 kilocycles, the applied voltage being 100 millivolts in each case.
The total reactance of the circuit at 700 kilocycles may be ascertained in
the manner already described, and is 260Q, which, when added vectorially
to the high-frequency resistance, gives the total impedance of the circuit
as 261Q approx.

The applied voltage of 100 1600~ \ /% N >
millivolts will cause a current 1.400 “?\2 @‘? <5 N
of -38 milliampére to flow. ' \ o~/ |
Reference to Fig. 65 will show ol N ALY
that the reactance of L at a ! |

frequency of 700 kilocycles is
880Q, and -38 X 880 gives a
voltage across L of 334 milli-
volts. It will be remembered
that the wvoltage developed
across L at 8oo kilocycles per
second is 5,000 millivolts (5
volts). 334 is approximately
one-fifteenth of 5,000; it is
therefore apparent that the
circuit has a discrimination of
fifteen times to a frequency

1,000

800

600/

REACTANCE (ohms)

400

200

100 kilocycles per second off g8 &8 8 8 8 § '§ g
resonance. It is doubtless FREQUENCY (kes.)

apparent to the reader that
this is the manner in which Fig. 65.—The reactance over a range of frequencies of
a wireless set is enabled to zl;;e%evigﬁsffénl,nfﬁit?:;hénd one value of capacity
select a particular station
from among many that may be transmitting at the same time. The
discrimination of the particular circuit and values mentioned above is
inadequate, but, as will be seen later, discrimination may be increased
by additional circuits and by other means. It is, perhaps, desirable to
mention that when a circuit is in resonance at a particular frequency it
is said to be tuned to that frequency, and that the word ““discrimination”
may now be more appropriately replaced by the term * selectivity.”
The behaviour of the tuned circuit under discussion has been noted
under the condition of a fixed applied voltage at two different frequencies.
It is a comparatively simple matter to determine the voltage developed
across the inductance for any number of different frequencies and to show
the results in the form of a curve or graph. Fig. 66 shows a curve (Q =
50), determined in this manner from the values taken from Fig. 64. The
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upper curve in Fig. 66 shows the curve derived from a tuned circuit, the

magnification of which is 125; in other words, the value of 7 in Fig. 64
has been reduced to 8Q.

Frequency Response.—The curve shown at Fig. 66 is usually termed

a response curve, because it shows the extent to which a tuned circuit

will respond to various fre-

14 1 7 T quencies compared to its re-

sponse at resonant frequency.
A glance at Fig. 66 will show
that the higher the magnifica-
tion the greater the efficiency
in terms of both voltage de-
veloped and selectivity.
It will be noted that » has
| been used throughout this
‘ | chapter to denote resistance
| in preference to R; this is
g | -t | because it is used to represent
high-frequency resistance,
and must be clearly dis-
tinguished from the normal
resistance to a direct current.
High-frequency resistance is
characterised by the fact that
it varies with frequency and is
somewhat of a paradox inas-
much as the high-frequency
resistance of a coil may in-
crease if thicker wire is used.
Since the magnification
factor of a tuned circuit is
) inversely proportional to the
e | .| [T high-frequency resistance of
640 630 720 760 200 B840 880 920 960 the circuit, it follows that the
FREQUENCY (kes) magnification factor (Q) will

Fig. 66.—Th ¢ two induct havin,  VATY With frequency, although
ig. 66.—The response curve of two inductances having _ . 0 5
a magnification of 50 and 125 respectively. when d(.Slgnmg a tuned circuit

for incorporation in a radio
receiver it is desirable to make the Q factor as constant as possible, an
aspect that is dealt with in a later chapter. It is perhaps of interest to
mention that, in the early days of broadcasting, coils were sold to the
general public having ““ blind spots,” that is to say Q varied with fre-
quency to such an extent that its value was almost negligible at certain
frequencies.
Parallel-tuned Circuits.—All the foregoing considerations have been
limited to the series-tuned circuit, and attention may now be directed

| fe=12

[4]]

[} S S | N S —

VOLTS DEVELOPED




THE TUNED CIRCUIT 61

to the parallel-tuned circuit. Fig. 67 shows L, C, and r rearranged to
form a parallel-tuned circuit ; it will be noted that » has been split up
into two portions representing the high-frequency resistance of L and C
respectively. The value of 7 in the con-
denser branch is usually so small that its j
effect may be neglected.

Dynamic Resistance.—Assuming for /<>
the moment that L and C (Fig. 67) are > =
pure inductance and capacity, it follows Le>
that when the circuit is tuned the current $:>
flowing in one branch of the circuit will
be equal to the current flowing in the other
branch of the circuit, and as these will be
exactly 180° out of phase the total cur-
rent will be zero. In practice, however, a g b
small current will flow, as the presence of
high-frequency resistance will not permit f
the two currents to be exactly 180°out of .~ . .

o . ig. 67.—A symbolic representation of
phase. Since an applied voltage causes a a parallel-tuned circuit.
current to flow, the circuit must possess
as a whole some factor of impedance ; this value of impedance is termed
dynamic resistance, and is distinguished by the fact that it varies inversely
with high-frequency resistance.

The magnification of a parallel-tuned circuit is the same as that of a
series-tuned circuit, and everything which has been said about the latter
is applicable to the former except in one particular. The series-tuned
circuit at resonance permits a large current to flow, which is limited only
by the high-frequency resistance of the circuit ; on the other hand, the
parallel-tuned circuit imposes an almost complete barrier to the flow of
current, in fact if it were not for the presence of high-frequency resistance

the impedance to the flow of cur-
I é I rent would be infinitely great and

,_
[}
1

the current would be zero.
s Fig. 68 shows a parallel-tuned
-, ol circuit consisting of inductance and
R g L — O capacity and a parallel resistance,
., R, which symbolises the dynamic
resistance of the circuit. In this
purely theoretical circuit, L and C
. T are assumed to be pure inductance
Fig, $8-In this disgram L and C reprsent pure  and capacity, and therefore present
dynamic resistance. an infinite 1mpedance at resonance;
the symbolic resistance therefore
is unaffected by their presence, and for the purpose of considering dynamic
resistance L and C may be ignored, but of course only at the resonant

frequency.

T
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It will be noted that R is used instead of r as dynamic resistance be-
haves as a pure resistance once again, providing that it is only so regarded
when the circuit is in resonance. Dynamic resistance is important, as it
is required when calculating the over-all magnification of a high-frequency
amplifier. It is, however, somewhat difficult to calculate, and can only
be reliably determined by measurement, the method of which is dealt
with in various textbooks devoted to this subject. A reasonably accurate
figure may, however, be obtained by the following formula, but unfor-
tunately the true value of 7 can only be accurately determined by practical
measurement. It is possible to calculate » from dimensions and other
coil data, but this does not take into account dielectric and other losses.

. . It
Dynamic resistance = ¢, 2Pprox.

Units are farads, henrys, and ohms respectively, and 7 is the resistance
of the coil.

When actual high-frequency measurements are made to determine the
high-frequency resistance of a tuned circuit, a disproportionate figure is
obtained ; this is due to losses imposed by the insulating material asso
ciated with the circuit, the insulating material to which the ends of the
windings are attached, the insulation supporting the vanes of the con-
denser, and the insulated covering of the wire itself. In addition to this
the high-frequency resistance of a coil of wire is always greater than its
D.C. resistance, due to the effect of one turn upon the next, and at the
higher frequencies to skin effect, which is the term used to describe the
behaviour of these currents which travel on the surface of the wire and
do not therefore make use of its total cross-section area. ;

Dielectric losses of this nature may be expressed as a resistance which,
shunted across the coil, would bring about the same loss ; it should be
noted particularly, however, that the effect of a given dielectric loss is
proportional to frequency.

A terminal strip which introduces dielectric losses equivalent to a
parallel resistance of 1 MQ at 800 kcs. per second will introduce a loss
equivalent to a shunt resistance of § MQ at 1,600 kcs.

Note particularly that the losses of a series-tuned circuit may be
regarded as an imaginary resistance in series, and that the Jower this value
the greater will be the efficiency. In a parallel-tuned circuit losses may
be regarded as an imaginary resistance in parallel, and the lower this value
the Jower will be the efficiency.

The general appearance of an ordinary air-cored coil is too well known to
need illustrating. A dust-iron-cored coil is illustrated at Fig. 69 ; due
to the use of the iron core an inductance of 185 wH is obtained with only
twenty-three turns of Litz wire on a former half an inch square; the Litz
wire used consists of ten strands of forty-five gauge. The high-frequency
resistance of such a coil is extremely low, measurements show the example
illustrated has the low figure at 4-7Q at 1,000 kcs.
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For the sake of simplicity in the above explanations capacity has been
fixed arbitrarily at zoo puF, but for the purpose of tuning a wireless
receiver over a range of frequencies it is necessary that either the induc-
tance or capacity shall be continuously vari-
able. Variation of capacity is usually em-
ployed when continuous variation is required,
the conventional variable condenser being
used, a simple form of which is shown at Fig.
48; modern sets, however, usually employ
more than one continuously variable tuned
circuit and, to facilitate operation, two or more
variable condensers are manufactured as a
single unit, and rotated by a single knob.

Capacity Tuning.—The usual type of

Fig. 69.—An example of a dust-

modern tuning condenser has a minimum iron-cored coil. The former is
capacity of about 3opuF, to which must be moulded from a special syn-
and g g thetic material having very low

added stray capacities due to wiring, etc., while dielectric loss. The secondary
H 1 i 1 has an inductance of 185 uH

the maximum capacity is approximately with a high frequency  res.st:
sroppF. Assuming that stray capacities ance of 4-7  at 1,000 kilocycles.

amount to 3oppF, a variation is obtained

from 60 to 540puF ; the ratio of maximum to minimum frequency
is equal to the square root of the maximum to minimum capacity
ratio, which for the example chosen will equal 3. It follows that
for any given inductance the maximum frequency will be three times
the minimum frequency, and in order to select the inductance required
means must be found to determine the frequency of various combin-
ations of inductance and capacity.

Permeability Tuning.—When iron cored coils are used the inductance
can be varied by withdrawing or inserting the iron core into the coil. This
system is known as permeability tuning and is generally used when induc-
tance is pre-set ; it isalso used for variable tuning at very high frequencies,
the aerial tuning of V.H.F. and television receivers being examples.

Relationship between L, C, and f.—It will be remembered that when
a tuned circuit is in resonance the capacitive reactance must equal the
inductive reactance ; it follows, therefore, that

I
211']14 = ETTfE

The above equation is somewhat inconvenient to handle, and either of
the following equations will be found more suitable :

f

T fr= = (approx.)
2n VL x C 385 x L xC

where fis the frequency in cycles per second, L the inductance in henrys,
C the capacity in farads, and = equals 3°14 approx.




64 THE TUNED CIRCUIT

When it is desired to know the wavelength instead of the frequency
the following formula will be found convenient, as microhenrys and
microfarads may be used for L and C.

»=1,885 VL x C

where \ is the wavelength in metres, L the inductance in microhenrys,
and C the capacity in microfarads.

Single inductances are rarely used for tuned circuits in modern receivers,
their place being taken by the high-frequency transformer, which usually
consists of a tuned secondary coil and an untuned primary ; such an
arrangement is shown diagrammatically at Fig. 70. Specialised forms of
coils are dealt with in the appropriate chapters,
and in the meantime it will be sufficient to
mention that the characteristics of the primary
are imposed upon the secondary and vice versa,
s ls to an extent dependent upon the ratio of one

o winding to the other, the separating distance,

P and their angular relationship. As an example,

losses present in the secondary circuit due to

various causes are also present in the primary;to

Fig. 70.—A tuned high-frequency 211 €Xtent dependent upon the above-mentioned

transformer. factors. |

A step-up high-frequency transformer steps

up the primary voltage so that a greater voltage appears across the

secondary ; unfortunately the permissible step-up ratio is limited by a

number of factors, one of which is the falling off of primary impedance
when the number of primary turns is decreased.

Sideband Cutting.—As explained in an earlier chapter, the radiated
wave from a broadcasting station occupies a definite band width. Refer-
ence to Fig. 66 will show that maximum voltage is only obtained ;Iat
resonance ; when a number of coils are used, or other means are taken to
improve selectivity, the curve becomes much sharper, with the result
that the response 1s considerably reduced at a frequency only 1 or 2 kcs.
off resonance, resulting in distortion, which takes the form of high-note
attenuation due to the reduction in the response of the tuned circuit to
those frequencies which, although off resonance, are nevertheless within
the band width of the transmission being received. This form of distér-
tion is referred to as sideband cutting.

!

The Bandpass Filter.—It is apparent that the ideal tuned circuit
should have a level response to a band width of about 4 kcs. each side
of the resonant frequency and a negligible response outside it. In other
words, if Fig. 66 were the curve of an ideal tuned circuit its sides would
be parallel, spaced about 8 kcs. apart, and with a flat top. In modern
practice the coil designer strives to produce response curves as near as
possible to the ideal; special high-frequency transformers are used,
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having both the primary and secondary tuned and carefully arranged
coupling. Such an arrangement is called a bandpass coupling, or a band-
pass filter, for the obvious reason that
it is designed to pass a band of fre-
quencies and attenuate all others.
There are various forms of couplings
used in bandpass filters. As a single
example will serve the present need,
mention may be made of the over-
coupled type. This takes the form of
two coils of equal inductance mounted
side by side so that their character-
istics have a profound influence on
each other. Each coil is tuned to the
resonant frequency by a condenser con-
nected in parallel.  Fig. 71 shows the

. 2 Fig. 71.—An oscillogram showing the fre-
actual response curve of an ampli- quency responss of a bandpass flter.

fier using two complete bandpass

couplings of this type; being an actual photograph of a response curve
it is an honest illustration even though it may fall short of the claims
made for such circuits. It should, however, be clearly understood that
when producing an oscillogram the vertical and horizontal scales may

be varied at will, and this particular
illustration could have been made a
foot high and an inch wide. In order,
therefore, that it may be presented in
its true perspective, Fig. 72 is included,
which is taken to exactly the same
scale as Fig. 71, the only difference
being that the two coils were moved
farther apart so that the coupling be-
tween them was very small and in con-
sequence the bandpass qualities of the
coupling were destroyed. As a further
aid to the appreciation of these oscillo-
grams it may be mentioned that the
frequency difference between the two
. ) ) peaks shown at Fig. 71 is approxi-
il Ty egencilonram shoving th¢  nately 5 kes., and the amplitude of
same colls as used for Fig. 71, but the whole oscillogram approximately
differently adjusted, as described in.the 15 yolts. As the two oscillograms are
taken to the same scale, it is apparent
that the sharply tuned circuit shown at Fig. 72 will cut sidebands to
a very serious extent.
Oscillograph instruments suitable for taking these oscillograms are
described in some detail; nevertheless, it may be desirable to define
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briefly the principle of the instrument, so that the true nature of these
oscillograms will be apparent.

The cathode-ray tube utilises a beam of electrons which may be made
to move by the application of the voltage or current to be examined.
The extremity of this beam impinges on a chemical screen which becomes
fluorescent under bombardment, permitting an accurate photograph to

be taken of the trace so formed. Figs. 71 and 72 are photographs
obtained in this manner.




CHAPTER 10
THE PRINCIPLES OF THE THERMIONIC VALVE

TowARrDs the end of the last century Professor J. A. Fleming made a
discovery of far-reaching importance. In the course of experiment he
discovered that certain substances, particularly metals, when heated to
a suitable temperature in a vacuum possessed the peculiar property of
emitting what were then thought to be charged particles. Further
experiment disclosed that these ‘‘ particles ”” could be attracted by a
metal plate, provided that it was held at a positive potential relative to
the emitting substance ; on the other hand, no attraction occurred if
the metal plate was held at a negative potential. It was therefore con-
cluded, and with good reason, that these mysterious ‘‘ particles *’ must
hold a negative charge. It is now known that these ‘‘ particles *’ were in
fact electrons, about which so much has already been said that no intro-
duction is necessary.

Those who are interested in these historic discoveries of Professor
Fleming may readily find them described in books devoted to the historical
development of electrical engineering. It may, however, be said that
the modern valve of to-day, which is available in so many specialised
forms, is a direct development of these early discoveries.

The Diode.—The simplest form of thermionic valve is the diode, which
is so called because it consists of two electrodes, the filament or cathode
and the anode. The filament may be made of some unaided metal such
as tungsten ; such a valve is known as a bright emitter, as it is necessary
for the filament to be run at a temperature of some 2,200° C., i.e. ap-
proaching white heat, to obtain any appreciable emission of electrons.
Owing to the necessity of running a tungsten filament at such a high
temperature its life is necessarily short, and such filaments are not now
in general use.

The modern coated filament consists of a fine wire made of tungsten
or nickel forming a core which can conveniently be heated to a tempera-
ture of some 800° C., which is a dull red heat. This core is coated
either virtually or literally with chemicals that have the property of
emitting prolific quantities of electrons at a relatively low temperature.
The exact formula used to compound these coatings and the methods of
making them adhere to the core are still somewhat guarded secrets of
the valve manufacturer, but the basis is almost invariably barium or
strontium oxides or both.

The anode may consist of any piece of metal situated reasonably close

67
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to the filament, but in practice it takes the form of a small open-ended
cylinder symmetrically surrounding a straight wire filament. It is of
interest to mention that valve electrodes are usually made of nickel or
molybdenum, both of which are readily obtainable in a high degree of
purity ; the former possesses the additional advantage that it is easily
freed from natural gas, while molybdenum has the advantage of an
extremely high melting-point. For specialised purposes other metals
are used, notably nicrome for grids, while copper is sometimes used to
support electrodes which are liable to become hot owing to the high
heat conductivity of this metal. |
Vacuum.—For reasons which will be apparent later in the chapter it
is necessary that the valve bulb should be pumped to a very high degree
of vacuum and that the metal parts, and even the inside of the bulb that
contains them, must be freed from surface gas which might otherwise
be freed by the action of electrons and impair the
efficiency of the valve. To achieve these objects
the most extravagant precautions are taken by
modern valve manufacturers.
d? The above brief introduction has served to out-

line the structure of valves in general and the
diode in particular, and attention may now be
directed to the circuit shown at Fig. 73, which
shows a convenient circuit arrangement for in-
vestigating the characteristics of a diode valve.
l Hi [ | It will be noted that a variable resistance is in-
cluded in the filament circuit to control the current
Fig. 73.—A diode valve ar-  passing through it, and consequently its tempera-
e enotic otting it ture. A suitable milliammeter is included in the
anode circuit. Since it is intended to liberate
electrons from the filament and collect them by means of the anode a
battery is included in the anode circuit to hold the anode at a positive
potential to attract the electrons away from the filament.
Emission.—Fig. 74 shows a curve obtained by this means, showing
emission in the vertical direction plotted against anode voltage in the
horizontal direction. Emission does not commence until a certain
filament temperature is reached ; if the filament is of the non-coated
type, a point is reached where further increase of anode voltage does not
increase emission. This is known as saturation point. Saturation does
not occur with a coated filament, as an increase in anode voltage will
always bring about an increase of emission, although it may be very small.
The curve of such a valve cannot be taken to finality, as the filament
coating is destroyed when its emission is increased too far above normal.
It should be clearly understood that the flow of electrons is simply an
electric current and that there is no difference between the flow of elec-
trons from filament to anode the and flow of electrons from the anode
via the anode circuit to the filament ; it is simply the electronic current,
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although the medium is
different in each case,
i.e. free space between
filament and anode and
a metallic conductor for
the rest of the journey.
The electrons travel
from the filament to the
anode, which is held at a
positive potential. It
will be remembered that
this direction, namely
negative to positive, is
the true direction of an
electric current, but that
the converse is assumed
for reasons that are
clearly stated in the
opening paragraphs of
Chapter 5.
Rectification.—The
diode, like all thermionic
valves, has a most useful
function, inasmuch as it
will permit the flow of
current in one direction
only, and it is apparent,
therefore, that it will
have a marked effect if
suitably introduced into
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Fig. 74.—The characteristic curve of a diode valve showing the
effect of filament temperature. The upper curve was taken
with a potential difference of 4 volts across the filament, and
the lower curve with 3-5 volts across the filament.

the path of an alternating current. Fig. 75

shows a convenient circuit for applying an alternating potential across a

—

>~

E Iy

Fig.} 75.—A simple circuit to
illustrate the uni-direc-
tional properties of a diode,

diode valve. It will be interesting to follow the
behaviour of both voltage and current for a period
of one complete cycle (commencing with the zero
point immediately before the positive half-cycle).
Since, at this point, voltage is zero, current will
also be zero, but as the voltage rises towards
maximum positive, current will flow through the
valve and will continue to do so as long as the
anode remains positive, the actual amplitude of
the current being determined by the applied A.C.
voltage and the internal A.C. resistance of the
valve.

At the completion of the positive half-cycle the

current will fall to zero, and will remain at zero curing the entire negative
half-cycle, since the electrons cannot flow from anode to filament because
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the anode is incapable of emission. Fig. 76 shows (left) an alternating
potential which when applied to a diode will cause a current to flow,
having a waveform as shown at Fig. 76 (right). It should be noted that

the relative amplitudes have no

significance, as one diagram
o represents voltage and the other

current.

The conversion of alternating
- X current (A.C.) to continuous
vie. 70— (?z?ghzltaex;?;u:le%ﬁ%ggg;. wavelomd  current (D.C.) by means of a

valve is termed rectification, and
a valve specially designed for this purpose is referred to as a rectifier.
The diode may also be used for detection, which is a subject dealt with
in detail in the next two chapters.

The Grid.—Although useful for detection and rectification the diode
is incapable of amplifying, that is to say the output from a diode circuit
can never exceed the input. Fortunately, this difficulty was overcome
by Lee de Forest, an American, who in 19o7 discovered that a valve
could be made to amplify by means of a third electrode made of wire
gauze (now called the grid) placed between filament and anode in the
path of the electrons. He found that small changes of potential between
grid and filament brought about a relatively large change of potential
across a resistance in the anode circuit and amplification was achieved.

The Triode.—Fig. 77 shows a basic circuit that will serve to illustrate
the function of a triode valve. It will be convenient to assume that the
input consists of an alternating voltage

having a value of one volt peak, and to
follow the functions of the valve over one ——— ([ 77)
complete cycle of the input. In order that :
the grid will not become positive, a fixed {
potential of 3 volts negative is applied by .
means of a 3-volt battery; a battery used :
for this purpose is called a grid-bias bat-
tery, and the actual potential applied is b
termed the grid bias. ’T

When the grid is held at the same poten- - Aok .
tial as the filament, a good proportion of '8 774 skeleton circuit to Hustrate
the electrons emitted by the filament are
drawn towards the anode by its positive field and pass through the mesh
of the grid. When a small negative potential is applied to the grid it
opposes the free passage of electrons and the flow to the anode is reduced.
A further increase of negative potential brings about a further decrease in
anode current, and so on, until the grid becomes so negative that the flow
of electrons ceases and produces a cloud round the filament forming what
is termed a space charge. In the interest of strict accuracy it is desirable
to mention that although the flow of electrons ceases for all practical



A GIANT TRANSMITTING VALVE

Differing in size but not in principle this large transmitting valve requires a special trolley when
replacement is necessary; this picture shows the final amplifier at a B.B.C. transmitting station.
Note the doors which instantly disconnect the H.T. supply when opened.
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purposes, a few stray ones will find their way from filament to anode by
some roundabout route outside the controlling influence of the grid.

Fig. 78 shows diagrammatically the effect of negative grid potential
on the electron stream. Left shows the condition obtaining when the
filament potential, centre illustrates the
effect of normal negative grid bias, while
right represents the stoppage of anode cur-
rent due to the application of a relatively

When the small alternating potential & 75.-4 Purey imagiaery skeeh,
already referred to is applied between grid  theelectronstream. (Left) Indicates
and filament it will in effect decrease and ~ Dogridbias; (middle) shows the effect

grid is held at a potential equal to the mean
high negative value of grid bias. C
of moderate grid bias, while (right)

increase the standing bias as the input be-  shows that excessive grid bias will
comes positive and negative respectively. ~ ompletely stop the flow of electrons

When the input reaches the peak of the

positive half-cycle, ¢.e. 1 volt positive, the grid voltage will be reduced to
2 volts negative (— 3 and + 1 = — 2). The grid under this condition
will permit an increase of anode current. When the input reaches its
maximum negative value the potential difference between grid and
filament will be 4 volts (— 3 and — 1 = — 4) and the flow of electrons
will decrease correspondingly.

To summarise, it is apparent that a change of potential applied between
grid and filament will cause a proportionate change of anode current, so
that the waveform of the alternating volt-
age applied to the grid will be faithfully
reproduced as a fluctuating current in the
anode circuit. By inserting a suitable re-
sistance in the anode circuit the current
passing through it will produce a voltage
- drop across its ends and convert the changes
B of anode current to changes of voltage.

Thus changes of voltage applied to the grid
oo will bring about changes of voltage across
. S N the anode resistance which are identical in
v Zﬁarafi‘;ﬁ:t‘i’fs“‘t?’ﬁi“‘,?fiééiﬂ'“°“ every respect except amplitude, which will
be greater in proportion to the amplifica-

tion of the stage, i.e. the valve and its attendant anode resistance.

Characteristics.—Fig. 79 shows a circuit which will enable certain
characteristics to be taken from a triode valve; the present intention
being to ascertain the influence that a change in grid potential will have
upon the anode current. It will be observed that a milliammeter is con-
nected in the anode circuit to give direct reading of the anode current.
A voltmeter is connected between grid and filament, so that a direct
reading is obtained of the voltage difference between filament and grid
which may be varied by means of a potentiometer, R. A series of

R.T. I—6
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figures taken from this circuit are plotted in the form of a graph, shown
at Fig. 8o ; it will be observed that the graph is plotted between anode
current in the vertical direction and grid voltage in the horizontal direc-
tion. Such a curve is described as a grid-volts/anode-current curve.

The anode current of any valve is influenced by the anode voltage, conse-
quently it is necessary
to state the potential
difference between
anode and filament
obtaining when a
curve is plotted.
The family of curves
shown at Fig. 8o were
each plotted with
different anode po-
tentials of #5, 100,
125, and 150 volts re-
spectively, each being
indicated on the
curve by the conven-
tional abbreviation
Va =100, etc. It will
be noted that the vari-
ation of grid voltage
at TFig. 8o is from

— 7 volts, where emis-

/ sion is entirely absent

L to zero. Such a curve
/ / / / could be extended in
the right-hand direc-
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-7 -6 -5 -4 -3 -2 - 0 tion to show the effect
GRID POTENTIAL (VOLTS) of applying a positive

Fig. 8o.—Characteristic curves of a typical triode valve. The valve 8T id VOItage' but such
from which they were taken is illustrated in the inset. a procedure 1S not

normally adopted, as
the average valve does not perform normally under such conditions
owing to the presence of grid current.

Grid Current.—Grid current is a term applied to a flow of electrons
from filament to grid due to the positive potential of the latter drawing
a certain proportion of the electrons off the main stream to the anode.
In other words, the filament and grid behave as though they constituted
a diode valve. When a triode is used as a detector the grid is deliberately
made positive to encourage grid current—this aspect, however, is dealt
with separately in the following two chapters.

It is desirable to mention that it is impracticable to plot a curve with
any appreciable positive grid voltage applied, as under conditions of
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normal anode voltage the anode current would be so high that the
filament coating would rapidly break up.

Operating Conditions.—Fig. 81 shows diagrammatically the applica-
tion of a small alternating voltage to the grid of a valve and the resulting
change of anode current. This anode current passed through a suitable -
resistance will bring about a relatively large change of anode voltage.
It has been stated that the voltage output will be a faithful replica of
the input in every respect except amplitude ; this is only true because
certain important conditions have been observed. Reference to Fig. 81
will show that the input
is applied about the centre ,
of the straight portion of
the curve. If the grid
bias had been excessive
the positive half-cycle
would have worked on a
sensibly straight portion
of the curve, but the nega-
tive half-cycle would work
on a curved portion, which
would result in a de-
creased and non-linear
change of anode current,
producing a distorted
waveform similar to that
shown at Fig. 82. Taking
the converse case, the
absence of grid bias would
“result in the negative half GRID VOLTS

cycle being faithfully re- ; .

produced in the anode <>
ircui ut the positive

;:11 1 f111t, lb tl d p h Fig. 81.—Showing an alternating voltage input and resulting
ali-cycle would Cross the alternating current output when valve is correctly biased.

zero line, the grid would
become positive, grid current would flow and cause a waveform to be
distorted. Fig. 83 shows (@) an undistorted A.C. waveform, (b) the same
waveform distorted by underbiasing, and (¢) distortion due to overbiasing.
Distortion.—It is apparent that similar distortion would result if the
amplitude of the input is so large that its swing is greater than the
straight portion of the curve. This causes a combination of the distor-
tion shown at Fig. 83 (b) and (¢), and has the appearance shown at
Fig. 83 (d). When a valve is in the condition shown at (c) it is said to
be bottom bending, while condition (?) is referred to as running into grid
current, although both these conditions are also referred to as partial
rectification. The condition () is referred to as overloading, the reason
underlying this nomenclature being obvious.

ANODE CURRERT —>




74 THE PRINCIPLES OF THE THERMIONIC VALVE

Since grid potential has such an effect upon the electron stream, it is
not surprising that the general dimensions and position of the grid
should have an equally
profound influence.
Fig. 84 illustrates two
grids taken from triode
valves of widely different
characteristics, and it is
apparent that some means
is required for expres-
sing the ratio of contral
effected by the grid in
- various types of valve.
A review of this and
- other characteristics will
: throw considerable light
' j on the function of a
SAhtat A \j valve, and the manner

L in which they are related
. 4« < e« - .. ..U tosuch components that

/ C may ll)e used to form a

. = complete circuit. The

GRID VOLTES G e method of measuring
2 these characteristics is

: . also explained below, as

Fig. 82.—Showing an alternating voltage input and resulting . : g
alternating current output when valve is overbiased. 1t permlts Teady apprecia-

tion of their significance.

Impedance.—The first characteristic is termed anode A.C. resistance

or impedance, and is the internal A.C. resistance between filament and
anode, the value of which varies con-

siderably with operating conditions.

Theterm ““impedance” is deprecated "\
by the British Standards Institution, L
who recommend the use of the : \
term “anode A.C. resistance.” This # . J D
expression, however, is unwieldy \
and, furthermore, the term “ imped- \

ance” is generally used in valve

catalogues and most textbooks; the  Fif, f3—(t) A normal undistortod AC, wave
author therefore adopts the term  effect of overbiasing, and (p) Overloading.
“impedance’’ throughout this work.

Valve impedance, which is written 7,, depends primarily on anode
voltage, and an increase of anode voltage will normally bring about a
decrease of impedance. In certain types of valves it is desirable to
reduce the impedance to a very low value, but limitations are imposed
by the consequential large increase in anode current. Impedance is

ANODE CURRENT ——
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also affected by grid voltage, and an increase of the latter in a negative
direction will bring about an increase of the former.

Since impedance varies with operating conditions, ¢.e. anode and grid
voltages, it is necessary to state these
figures when quoting a value of impedance.
Impedance of a triode valve is usually
quoted for an anode potential of 100 volts
and zero grid volts, which is expressed as
Va = 100, Vg =o.

Impedance is measured by noting the
change of anode current resulting from
a change of anode voltage, the variation
being small, and is actually determined
as follows :

1 Fig. 84.—Sketch showing two grids
Impedance - Changg in anode volts , taken from normal triode valves.
Change in anode current Note the wide difierence in mesh

and width.

The change in anode voltage must be rela-
tively small, and grid volts must be kept constant. Units are volts
and ampéres.

Suppose that a triode valve passes an anoce current of 6 milliampéres
at go volts and 8 milliampéres at 110 volts, it is apparent that a change
of 20 volts has brought about a change of 2 milliampéres. To avoid
converting milliampéres to ampéres the current may be divided into the
voltage straight away, when the answer will be in thousands of ohms,
since there are a thousand milliampéres to an ampére ; in the present
example, 20 volts divided by 2 milliampéres equals 10, and since the
answer is in thousands of ohms, the impedance is 10,000 ohms.

Amplification Factor.—As already explained, a triode valve possesses
the ability to amplify, and the quality of the particular valve to perform
this function is the amplification factor. It should be noted that the
amplification factor is the inherent ability of the valve, but when incor-
porated into a circuit the effective amplification must necessarily be
less, for reasons which will be apparent in due course. Amplification
factor may be described as the ratio of the anode voltage to the grid
voltage as a means of controlling anode current. In the example
quoted above, to explain impedance it was necessary to raise the
anode potential by 20 volts to change the anode current by 2 milli-
ampéres ; if a change of 1 volt on the grid brings about a similar
change of anode current, it is apparent that the grid has twenty times
the influence of the anode, and the valve, therefore, has an amplifica-
tion factor of twenty.

The amplification factor, which is written p (pronounced “mu”’), is
measured by noting the anode current at Va = go, Vg = o ; the anode
potential is then increased to Va = 110, and negative grid voltage in-
creased until the anode current falls back te the original reading.
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value of grid voltage necessary to bring this about is then divided into
the change of anode voltage. Expressed conventionally :

Change in anode volts
Change in grid volts

It should be noted that p also means one millionth of, and care should
be taken to avoid confusion as p may appear twice in a formula and
mean amplification factor at one appearance and the alternative at
another.

By changing the structure of a valve, impedance and amplification
factor can be increased or decreased within certain limits. By moving
the anode farther from the filament both these factors will be increased,
but the efficiency of the valve will very probably be reduced, since it is
difficult to realise in practice the amplification factor of a high-impedance
valve. Consequently some factor is required that will take into account
both impedance and amplification factor, and act as an indication of
valve efficiency quite independently of any other consideration. Such
a factor is available and is termed *‘ mutual conductance ” or, colloquially
speaking, *“ slope.”

Mutual Conductance (Slope).—Mutual conductance signifies the
change of anode current brought about by a change of grid voltage. It
is usually denoted by the letter g, and expressed as *‘ the change of anode
current in milliampéres per volt change of grid potential,”” and is expressed
as mA/V, or in other words :

Amplification factor =

Change in anode current

Mutual conductance = Change in grid volts

When actually measuring mutual conductance, it is usual to increase
the grid voltage from zero to — 1 and note the change in anode current.
If this is 3 milliampéres then the mutual conductance is 3mA/V.

Mutual conductance, amplification factor, and impedance are all
related, and if any two are known the third can be found by application
of the appropriate formula :

__ & X 1,000

— B X 1,000 — Ta X Em y — B X1
7, 1,000 ¢ Enm

Em

where g,, is in mA/V, and 7, is in ohms.

The Interpretation of Curves.—Valve manufacturers publish charac-
teristic curves for each type of the thousand-odd types of valves available
on the British market. A typical example of the characteristic curves
is shown at Fig. 8o. These curves are in very great demand by con-
structors, amateurs, service engineers, many of whom limit their useful-
ness to determining the grid bias appropriate for any given set of condi-
tions ; characteristic curves, however, are capable of wider interpretation,
as they form a fairly complete specification of the valve and much
information may be obtained from them.
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Curves such as those shown at Fig. 8o will yield the following informa-
tion with a reasonable degree of accuracy :

(1) Nominal valve impedance.

(2) Valve impedance at various grid voltages.

(3) Amplification factor.

(4) Anode current under various conditions of grid and anode potential.

(5) Correct grid bias for four different anode voltages.

(6) Maximum permissible input, i.e. grid swing.

Reading Impedance.—For calculating nominal impedance it is neces-
sary to know the change in anode current due to a known change of
anode voltage. If the valve is a triode, the nominal impedance is usually
quoted as Va = 100, Vg = 0, and anode current is usually measured at
Va = go and Va = 110. This precise information is not available in
Fig. 8o, but the anode current can be read for anode potentials 25 volts
above and below the nominal potential of 100 volts.

The anode current for Va = 75, Vg = o is 14 milliampéres, while the
anode current for Va = 125, Vg = 0 is 3'4 milliampéres ; thus it can be
seen that a change of 50 volts in anode potential brings about a change
of 2 milliampéres in anode current. Application of the formula for
impedance, i.e. 50 + 2, gives 25. Since the anode current is in milli-
ampéres the answer will be in thousands of ohms ; the valve, therefore, has
an impedance of 25,000 ohms at Va = 100, Vg = o. (This rating being
the mean potential.) It will be interesting to use the same method for
calculating the impedance at a set of conditions likely to be met with in
practice, say, Va =125, Vg = 1-5. The curve for Va = 125 is mid-way
between the curves for Va = 150 and Va = 100, so the latter may be
used to give the necessary change in anode voltage. Since the required
condition is Vg = 1-5, the current change must be read where the curves
intersect an imaginary vertical line drawn between 1 and 2 on the grid-
volts scale. The change of current is 1-8 milliampéres and the change of
anode potential is 50 volts; 50 = 1:8 = 277 approx., thus the impe-
dance of the valve at Va = 125, Vg = 1'5 is 28,000 ohms approx.

Reading Amplification Factor.—To calculate amplification factor it
is necessary to know the grid voltage required to keep the anode current
constant when anode voltage is increased ; employing the same curves
as used above it is simply necessary to find that bias which must be
applied to the Va = 125 curve so that the arode current is the same as
that passed when Va = 75, Vg = o.

Reterence to Fig. 8o will show that the anode current flowing when
Va = 125, Vg =175, is the same as when Va =75, Vg =o0. The
amplification factor is equal to change in anode volts divided by change
in grid volts, thus 50 + 1-75 = 28-5 approx., the amplification factor.
If this method of approach is pursued a step farther, it is possible to
calculate the amplification factor of the valve when operating under
working conditions, for example at Va = 125, Vg = 1-5, the amplification
factor is 27-5.
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Reading Slope.—Slope is the easiest characteristic to calculate from
a curve, as it Is simply necessary to note the fall in anode current for
a particular anode voltage when 1 volt is applied to the grid. When
reading the Va = 100 curve it will be found that the change in anode
current for a change of one grid volt is 1°1 milliampéres, while from the
impedance and amplification factor in the manner already described, it
will be found to be 115 mA/V. This slight discrepancy is to be expected
when reading figures from a small-scale drawing, it is also partly due to
slight inaccuracies inevitable with freehand curves.

It is obviously a simple matter to read the slope for the four values of
anode potential plotted and to tabulate them as follows :

Slope at Va = 150 = 1°45 mA/V.
» Va =125 = 125 mA/[V.
» Va =100 = 115 mA/[V.
» VYa= 75= -95 mA|V.

The measurement of slope may be carried out under any conditions of
grid voltage in relation to any of the four anode voltages for which curves
are drawn: one further example will suffice, taken at the suggested practica.ll
operating conditions used for previous examples, i.e. Va = 125, Vg = 1°5.
Under these conditions slope = 105 mA/V. It should be noted
that the necessary 1-volt variation is made up taking a reading at
*5 volt above and below the specified condition of Vg =1-5 ; this is con-
venient, and also tends towards greater accuracy ; unfortunately the
same procedure cannot be adopted at Vg = o, since this would entail
taking readings at Vg = — -5 and Vg = 4 5. Under the latter con!
dition the majority of valves will run into grid current. J

Correct Grid Bias.—The correct value for grid bias that should be
applied to a particular valve when working at a stated anode potential
can be obtained most conveniently from inspection of the curves. The
correct value will be the highest negative value that will permit the input
to work on a sensibly straight portion of the characteristic curve : the
expression sensibly straight is chosen deliberately, as the perfectly
straight portion of the grid-volts/anode-current curve of a high impedance
valve is so short that it is useless for practical purposes. The portion of
a curve that may be considered usable is necessarily somewhat arbitrary,
unless it is considered worth while to carry out a detailed analysis to
ascertain the actual distortion that will result from using a selected
portion of the curve ; such a procedure is worth while when determining
the correct operating conditions for an output valve, for reasons that will
be apparent in due course. Such an elaborate procedure is not normally
undertaken for valves in the other stages for various reasons, important
among which are: (1) the considerable difference between the actual
working curve and the published static curve due to the influence of high
impedance in thefanode circuit, and (2) the variation between different
specimens of the same make and type of valve. The following suggestions
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will serve as a guide to correct biasing, using once again the curves shown
at Fig. 80 as an example. The Va = 150 curve may be considered as
usably straight between zero and — 3 volts, and in order that it may take
the maximum input without distortion the appropriate grid bias will be
— 1-5, which is the mid-point of the straight portion of the characteristic.
If, for any reason, the valve is not expected to receive the maximum
permissible input, the value of grid bias may be somewhat higher. The
Va = 75 curve has very little straight portion, but bearing in mind that
the external anode impedance will tend to straighten it, the portion zero to
— 1-2 volts may be considered usable, the appropriate bias being — -6 volt.

Stage Gain.—It has already been intimated that the voltage-amplifi-
cation factor of the valve will not be the actual signal amplification when
the valve is working as part of a complete circuit. Fig. 85 shows a
triode valve arranged as an amplifier. It will be noted that grid bias is
applied to the grid through a resistance, R;. There will not be any voltage
drop across this resistance, since current will not flow through it; unless,
of course, the valve becomes overloaded and runs into grid current. The
resistance R, is included in the anode circuit to convert change of anode
current into voltage change. The voltage output will be available across
V,, which will be an alternating potential, the D.C. voltage component in
the anode circuit being isolated by the condenser C,, similarly, any D.C.
voltage that may be present in the input circuit is isolated by condenser C,.

The A.C. input is equal to V,, and the amplified A.C. output is equal
to V,, consequently the stage gain will be the ratio of V, to V,. The
stage gain will be dependent upon the impedance of the valve, the
impedance of the anode circuit, which in this case is the value of the
resistance R,, and the amplification factor of the valve. It is very
important to note that both the impedance and amplification factor must
be the values obtaining under working conditions. The nominal impe-
dance and amplification factor, as quoted by the valve manufacturers, are
measured at Va = 100, Vg = o, but in the circuit shown at Fig. 85 the
valve is working under other conditions, as the application of negative
grid voltage will increase both the amplification factor and impedance
and decrease the slope. On the other hand, the converse will result if
the anode potential is greater than 100 volts. It should be noted that
the anode potential is the actual potential difference between anode and
filament, which will be less than the voltage of the high-tension battery,
due to the voltage drop across R, caused by the flow of anode current.

Stage gain, 7.e. the ratio alternating voltage output to alternating
voltage input, is determined by

w X Ry
R2 + Vs
when p. equal the amplification factor of the valve under working condi-

tions, R, equals the resistance in the anode circuit, and 7, equals valve
impedance;under working conditions.

Stage gain =
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The necessity for using the operating value of p and 7, is-stressed to
throw further light upon the behaviour of a valve; when calculating
stage gain for practical purposes the nominal values of u and 7, can
generally be used with perfect safety, as other factors, including variations
between valves of the same type, are liable to introduce considerable
error, and there is little to be gained by being pedantic about a small
error when relatively large errors cannot easily be avoided. The only
satisfactory method of determining stage gain is by actually measuring
the input and output and dividing the value of the former into the
value of the latter.

This brief introduction to valve amplification is necessarily expressed
in general terms, since conditions vary with the type of vailve and the

nature of the input to be handled,

which may be at high or low
l frequency and of small or large
- amplitude. This important sub-
' ject is, however, dealt with in
. detail under the appropriate
headings in succeeding chapters.

High-frequency Amplifica-
tion.—The triode valve has fallen
into disuse as a high-frequency
amplifier, but mention must be
made of its behaviour in this
capacity, as it has a bearing on
7 the more elaborate types of valves
Fig. 85.—A skeleton diagram to illustrate the prin- Spe mqlly deSl.gned to perform -thlS

ciples of voltage amplification. function. Fig. 86 shows a trlode”
valve with tuned input and out-
put, which forms the basic circuit of a high-frequency amplifier. Both
circuits will contribute to the over-all selectivity, the tuned anode coil
taking the place of the resistance used in the circuit shown at Fig. 83,
since it is desired to build up a potential across V, when the anode
circuit is tuned to resonance with the voltage V,. If the efficiency of the
two tuned circuits is sufficiently high, the valve will oscillate if the!
anode coupling is tuned to resonance with the grid circuit, that is to say,
the valve will generate an alternating potential across V,, even though
there is no input across V, due to external sources. This phenomenon
will occur even if the two tuned circuits are totally screened from each
other by enclosing them in suitable metal boxes.

A valve will oscillate only when a variation of potential in the anode
circuit is fed back into the grid circuit, and, furthermore, with sufficient
amplitude to overcome losses present in the latter. Since the pheno-
menon will occur in the absence of both magnetic coupling and metallic
connection, it is apparent that the actual feed-back must occur through
the valve itself. This feed-back is unavoidable in a triode, owing to the
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capacity existing between the anode grid and which is represented by
the condenser shown dotted in Fig. 86. Due to this capacity, the
characteristics of the anode circuit, e.g. dielectric losses, are present in
the grid circuit and vice versa to an extent determined by the actual
value of the grid/anode capacity.

Ionisation.—The brief notes on valve construction touched upon the
exacting method used to produce a high degree of vacuum within the
valve bulb. When the degree of vacuum is sufficiently high for normal
purposes a valve is said to be ““ hard,” but when the degree of vacuum is
inadequate, and its efficiency consequently impaired, it is said to be
“soft.” The presence of gas within the valve bulb causes the pheno-
menon of ionisation, which is colloquially called blue glow on account of
a blue light, the centre of which is
situated round the filament. The
offending gas atoms may have
entered the bulb through some
indescribably minute crack or may
have become liberated due to ex-
cessive anode or filament current,
and a certain proportion of them
are located around the filament. ¢
Electrons travelling outwards from
the filament collide with the gas
atoms with such great velocity that
the latter become ionised ; that is
to say, they lose one or more elec-
trons, with the result that they have PR it usi .
a surplus positive charge and form =& % €S fnpat and ‘:,sﬁtﬁgui,tuned cirouit
a partially conductive path between
grid and filament, with the result that current flows in the grid circuit,
even though the grid may be held at a high negative potential, and
distortion results similar to that shown at Fig. 83 (b).

Ionisation reduces the control of the grid over the electron stream, with
the result that the slope is proportionately decreased. The presence of
ionisation is easily detected by means of the backlash test, which is effected
by applying an adequate negative grid potential through a high resistance,
say, I megohm. The anode current is noted and the resistance short
circuited; if the valve is ‘“ hard,” the anode current will remain unchanged.
If the valve is “soft,” the anode current will fall. As a measure of “ soft-
ness”’ the valve is deemed to be 1 microampére ““soft >’ per milliampére
change of anode current. This direct ratio is only present when the
suggested value of grid resistance is employed, namely, 1 megohm.

The degree of ““softness” which can be tolerated is dependent upon the
type of valve and the purpose for which it is employed. Generally
speaking, however, the valve may be considered adequately * hard ” when
not more than 1 microampére “soft.”

NJ
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Fluorescent Phenomenon.—Ionisation should not be confused with
fluorescence, which is also identified by the presence of a blue light but,
curiously enough usually indicates a particularly high degree of vacuum.
Unlike ionisation, which causes a blue light around the filament, fluores-
cence causes a blue flicker to appear as a small patch upon the inside of
the bulb or the pieces of mica used to strengthen the electrode assembly.
Except in the most rare circumstances fluorescence does not remain
stationary, but shifts from one place to another in completely haphazard
fashion.

Mains Valves.—The valve symbols previously illustrated have been
drawn with a filament, indicating that a directly heated type is portrayed.
An entirely different class exists—the indirectly heated valve. These
valves are usually, but not invariably, intended for use in mains receivers.
Their construction differs, inasmuch as the filament is replaced by a heater
and cathode. The former consists of a bent wire insulated from the
cathode in which it rests. The cathode is a long thin metal tube coated
with electron-emitting material which is raised to the appropriate tempera-
ture by the heater.

Mains-Battery Valves.—There is a special range of valves for use
inportableradioreceivers that are designed to work from household electric
mains or self-contained batteries at the will of the user. These special
valves are so constructed that they have the necessary low filament
consumption for economic battery working and also suitable heat-emission
characteristics to avoid mains hum when operated from A.C. mains.




CHAPTER 11
THE AMPLITUDE MODULATED SIGNAL ANALYSED

SEVERAL following chapters are devoted to detection and amplifi-
cation. In order that these may be readily appreciated it is necessary
that the nature and peculiarities of an amplitude modulated carrier be
defined. The frequency modulated carrier is dealt with in Chapter 29.

In order that a speech frequency can be radiated by a transmitter, it
must be imposed upon a carrier wave, for reasons that are fully explained
in Chapter 3. The modulation of a carrier wave by an audio wave is
not accomplished by adding the two together, as mere addition would
mean that the aerial would virtually have to radiate the two frequencies,
one of which it cannot handle with any appreciable degree of efficiency.
The problem is to so impose the audio frequency wave upon the carrier
wave that the former is lost in terms of frequancy, although capable of
being recreated at the receiving end. An aerial is unable to radiate a
low frequency, but it can radiate a high-frequency wave of varying
amplitude; the solution, then, is to arrange for the aerial to be fed by the
steady carrier wave and to vary its amplituce in sympathy with the
audio frequency.

The Amplitude Modulated Carrier Wawe.—The carrier wave is
symmetrical, and variations of amplitude will affect both positive and
negative half-cycles, with the result that the modulated wave is also
symmetrical (see Fig. 87). A word of warning is necessary regarding
the interpretation of this illustration, since there is an inadequate differ-
ence in terms of broadcast wavelengths. A single cycle at 5,000 cycles
per second would be equal in length to 240 cycles of a carrier wave working
on a wavelength of 250 metres, while a single cycle at 50 cycles per
second would be equal to 24,000 cycles of the same carrier wave. Fig. 88
is an oscillogram of a 1,000-kilocycle carrier wave modulated by an
audio frequency of 400 cycles. It will be observed that the individual
cycles of the carrier wave cannot be distinguished as separate entities,
although the variation in amplitude due to the modulating frequency,
t.e. 400 cycles, is very apparent.

Reference to either Fig. 87 or Fig. 88 will show that the mean amplitude
of the wave is always zero, and is consequently incapable of actuating
any device that responds to low frequencies. It will, however, actuate
any device working at high frequency.

A modulated carrier may be amplified by a suitable valve or valves
working as high-frequency amplifiers, but it is apparent from the above

83
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remarks that some drastic changes must take place before the signal can
be made audible by means of headphones or loudspeaker. This change is
called ‘“ detection,” although the term * rectification ”’ is sometimes used,

but is to be deprecated,

as it is liable to give

ﬂ l““ ica rise to amisleading con-
Vesax J[fgmu..: ception of the process

UU v of detection.

i lJ Detection.—Fig. 89

Fig. 87.—An amplitude modulated carrier. Each peak is offset by a shows Flg 87 with the

trough, with the result that the mean amplitude is zero. lower half removed B

in other words, the

negative half-cycles of the carrier wave are absent, which has brought

about a great change, inasmuch as the mean amplitude of the waveform
is no longer zero, and rises and falls in sympathy

with the original audio-frequency current flowing m
in the microphone circuit at the transmitter studio.
For reasons which will be clear in due course, the
output from the detector valve will resemble the M

form shown in Fig. 9o, since the detector circuit

will be incapable of responding to the rapid changes Fig. 88.—A drawing from an

of the carrier frequency but will be obedient to the  oscillogram of an amplitude

slower changes of the audio frequency. The individual cycles of
_The amplitude of the modulated wave may vary ~ fe <arrier have become

within wide limits, and may, therefore, bear a vary- space between them.

ing relationship to the amplitude of the depth

wave ; this relationship is referred to as the carrier of modulation, and

when the modulated amplitude is double the amplitude of the carrier,

100 per cent. modula-

J\Aﬂr\ﬂwﬂﬂnnﬂﬂﬂﬂﬂﬂﬂﬂnnﬂﬂﬂﬂﬂ”ﬂﬂnnﬂﬂﬂ” tiolr’leifscg’r'iizr:' Modu-

Fig. 89.—This illustration shows the waveform Fig. 87 with the latzon._—Perceptag.e
lower half removed. The mean amplitude is no longer zero. modulation, which is

symbolised by the

letter ““ K,” is usually determined by the ratio between the amplitude of

the modulated wave to the amplitude of the carrier wave, the former

“being expressed as a percentage of the latter. Thus, a rise from 10 milli-
volts to 12-5 millivolts

is 25 per cent., a rise

from 10 millivolts to

5 millivolts is ex- Fig. 9o.—A diagrammatic representation showing the effective
pressed as 50 per cent., audio-frequency component of the waveform at Fig. 89.
and soon. The method

of determining modulation depth may be more readily understood when
expressed in the following manner. In Fig. 87 the maximum peak

amplitude of the envelope is denoted by V,,, and the minimum amplitude
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is denoted by V., ; using these two quantities percentage modulation
(K) may be determined by the following equation :

K:Vﬂﬂ—-—hxloo.

Vmax. + Vmin

It should be clearly understood that variations in volume are conveyed
by variations in modulation depth. It is immaterial whether there be an
interval or a full orchestra playing at its loudest, the amplitude of the
carrier, before modulation, remains constant ; it is only the depth of
modulation which varies. In the former case percentage modulation will
be zero, while in the latter circumstance it will be perhaps 8o to go per
cent., which is approximately the maximum modulation depth per-
mitted by the B.B.C. The illustrations of modulated high-frequency
currents at Figs. 87 and 88 represent the combining of two waves, both of
which approximate to sine waves. During a normal broadcasting item
the shape of the envelope is indescribably erratic, although it must at all
times remain symmetrical, i.e. the lower edge is a precise inverted replica
of the upper edge, and the depth of modulation is kept within its pre-
scribed limits.

Sidebands.—A considerable change in the carrier waveform due to
modulation brings about a slight variation in frequency. When the
carrier wave is modulated by a single note it may be regarded as
virtually three separate frequencies, the additional frequencies being
spaced equidistantly above and below the original frequency. In
more precise terms a carrier frequency f, modulated by an audio
frequency f,, may be regarded as three frequencies which are equal
to f, (the fundamental), f, + f, (the upper sideband), and f. — f, (the
lower sideband).

If the steady carrier frequency be 1,000 kilocycles per second and
the modulating frequency be 5,000 cycles per second, it is apparent
that the sidebands will be gg5 and 1,005 kilocycles per second. If
the modulating frequency is lower in the musical scale, say 2,000 cycles
per second, then the sidebands must be 9g8 and 1,002 kilocycles per
second.

It is apparent that when a normal musical programme is being trans-
mitted, sidebands will occur variously between the carrier frequency and
the outermost sidebands, the frequency of which will be determined by
the highest audio frequency that is permitted to reach the modulator.
If the highest audio frequency is 5,000 cycles, then the outermost side-
bands will be 995 and 1,005 kilocycles per second, as already stated ; the
band of frequencies between these two extremes will be monopolised by
the transmitter, which will be said to have a band width of 10 kilocycles
per second.

The band widths used by various transmitters differ somewhat, but
12 to 16 kilocycles per second is in general use. This limitation is
necessary owing to the high state of congestion of the available broad-
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casting bands; a notable exception, however, is the B.B.C. television
sound transmitter, which has a band width of some 20 kilocycles per
second, made possible by the absence of stations around the frequency
in question.

It is extremely important that the reader should be thoroughly familiar
with the characteristics of a modulated waveform, since the full under-
standing of the following chapters is only possible when these principles
are known.

Frequency Modulation.—The method of imposing speech frequencies
upon a carrier wave in the system known as frequency modulation is
fundamentally different from the amplitude system and is dealt with
later in this volume as other principles must be explained before this
alternative system of modulation can be readily understood. Because
frequency modulation broadcasting, usually termed FM, is radiated by
the B.B.C,, on the very high frequency band, it is often referred to as
V.H.F. in the lay press, and the radio trade.



CHAPTER 12
AMPLITUDE MODULATION DETECTION

THE previous chapter has explained the need for detection, or, to use
the rather apt American term, demodulation, and the next step is to
examine the functioning of the several types of detectors

The Crystal Detector.—The simplest form of detector is the crystal,
such as galena, with the familiar cat’s whisker, carborundum and steel,
or two suitable crystals
such as borite and 100— | ya
zincite. The crystal A
detector is rapidly fall- 4
ing into disuse, but its
action is so free from
complications that it
will well serve as an
introduction to the
principle of detection.

Fig. 91 shows the
characteristic curve of
acrystal detector which
is somewhat remi-
niscent of the charac-
teristic of a valve; it
will be observed that
the A.C. resistance of a -40
crystal varies with the -4 -2 0 2 4 -6 8 |

voltage applied, that is
to say, the change in CARRIER VOLTS (PEAK)

voltage at one part of Fig. 91.—Characteristic curve of a crystal detector, showing the

. relationship between voltage and current.

the curve does not bring
about the same change in current as the same voltage change at another
part of the curve. Reference to Fig. g1 will show that the application
of -4 volt positive will cause 36 microampeéres to flow, whereas the appli-
cation of -4 volt negative will cause g microampéres to flow, thus it is
apparent that a crystal detector permits the flow of current in one
direction far more readily than in the opposite direction and exhibits,
therefore, properties similar to the diode valve.

If an A.C. potential, having a value of -4 volt peak, is applied across
the crystal as shown in Fig. g1, the positive half-cycle will bring about
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a current waveform which rises to a value of 36 microampéres, whereas
the negative half-cycle will bring about a flow of only 9 microampéres,
with the result that the current waveform is nearly uni-directional, as the
flow of current is four times greater in one direction than in the other.

Fig. 9z shows the basic circuit of a crystal receiver which comprises
an inductance and variable condenser forming a tuned circuit to select
the required station, a crystal detector, and a pair of headphones ; the
aerial and earth are connected to each end of the inductance, so that the
energy picked up by the aerial will appear as a potential difference
across it.

When an unmodulated wave is “ picked up ”’ by the aerial it is rectified
by the crystal in the manner explained above, but the rectified current
will fluctuate so rapidly that the
\/ comparatively heavy diaphragm will

be unable to respond to the indi-
vidual changes and no sound will
—-—ﬁ—.— emanate from the headphones.
: ‘ Fig. 93 shows the current that will
Cemeodfonans flow in the circuit when the incom-
G ing carrier wave is modulated ; each
positive cycle brings about a change
bl K_ in current, the amplitude of which
— is determined by the instantaneous
depth of modulation, while each
negative cycle brings about a com-
paratively small change in current ;
thus the lower half of the modulation
envelope has, virtually, been dis-
—_ pensed with, and the headphones
Fig. 92.—The circuit of a simple crystal detector. will respond to the mean Change of
current at audio frequency since they
are incapable of responding to the very rapid changes of the high-fre-
quency component. The mean change is the difference between the value
of current flowing due to the application of successive positive and
negative voltage peaks, i.c. if the peak value is '5 volt and the depth of
modulation is 50 per cent., the audio-peak-frequency current will be
40 microampéres, due to the positive half of the carrier, and 7 micro-
ampéres due to the negative half, so the mean current change available
to operate the headphones is 33 microamperes. The condenser shown
dotted in Fig. 9z is usually included to offer a lower impedance path for
the passage of high-frequency currents, since the impedance of the head-
phones may be extremely high at such frequencies and, furthermore, the
presence of high-frequency currents in the headphones is apt to cause
practical difficulties. )

In Fig. 93 the rectified current output is shown as a series of half-cycles

of the modulated carrier frequency, the equivalent audio-frequency
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current being emphasised by joining the extremities with a thick line ;
the carrier-frequency component has not usually any significance and,
furthermore, is; usually sensibly absent due to the presence of the con-
denser, C, in Fig. g2. In future, therefore, the carrier frequency will be
omitted when diagrammati-
cally illustrating the audio-
frequency output of a
detector.

The Diode.—1It has already
been intimated that the be-
haviour of a crystal detector
is similar to that of a diode
valve. It would seem, there-
fore, that the substitution of
a diode for the crystal detector
(in Fig. 92) would be expected
to give the same results; this
substitution is effected in
Fig. 94. It will be observed
that the headphones have
been replaced by a resistance,
R, since it is unlikely that
anyone would desire to use
headphones with a diode

,valve. A diode detector is
usually followed by a valve

amplifier, which, being a ) — 7
voltage-operated device, will —

require a voltage output to . . .
operate it. (Headphones are 237 Te it o L8 3" aerior Snd remslting
current-operated dev1ces.) audio-frequency waveform. The values of voltage and
Although the action of the  Spentar omitied n thenterestof clariy, but may be
diode detector in Fig. 94 is  small audio waveform resulting from the negative hali-
similar to the action of the :g':slgn?f the modulated carrier is omitted for the same
crystal detector in Fig. gz it
is not identical ; the presence of the resistance, R, introduces com-
plications which make the functioning of the circuit rather difficult
to follow.

Fig. g5 is the characteristic curve of a typical diode and shows the
anode current resulting from the application of various anode potentials ;
it will be noted that the curve is plotted from 2-5 volts positive through
zero to 2-5 volts negative ; observe, also, that the flow of anode current
does not stop at zero anode potential but at a point just above 1 volt
negative. In view of remarks in previous chapters regarding the beha-
viour of electrons and negatively charged bodies, it will be necessary to
interrupt the present logical train to explain why electrons should flow



90

_l

Fig. 94.— A simple circuit showing a diode
as amplitude modulation detector.

drive the anode negative.

AMPLITUDE MODULATION DETECTION

to the anode when the curve shows
that the latter is 1 volt negative in
respect to the filament.

It is unnecessary to go deeply into
the matter, but briefly this seeming
paradox is due to the initial velocity
of the electrons leaving the filament,
which is such that an effective anode
potential of 1 volt negative is neces-
sary to prevent electrons reaching
the anode.

Returning to the consideration of
Fig. 94, it will be seen that the anode
is connected through the resistance,
R, to the filament ; the small stand-
ing anode current will have to pass
through this resistance, and will cause
a voltage drop across it which will

In order to study fully the working of the

diode it will be necessary to ascertain the exact value of negative poten-
tial at the diode, due to the voltage drop across the resistance, R.” This
voltage drop will obviously be largely controlled by the value of the

resistance, R, which for

the present purposes 40

may be given a value

of -5 megohm.

In order to discover

the meeting-point be-

tween the character- 30

istic curve of the valve

and the effect of the

anode resistance it is

necessary to draw on 20

the same scale a line

representing the beha-

viour of a ‘5 megohm

resistance ; Ohm’s law

shows that when the 0

potential difference

ANODE CURRENT (MICROAMPERES)

across a resistance is

4

zero, the current flow-

ing is zero, thus where

t
&:L

L
[~

zero voltage and zero
current meet will serve
as one point to de-
termine the position of

-2

+ ] +2

-1 0
CARRIER VOLTS (PEAK)

Fig. 95.—Emission curve of a diode.
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the line, the second point may conveniently be where 2-5 volts negative
meets 5 microampéres, since a potential difference of 2-5 volts will drive
a current of this value through a resistance of ‘5 megohm. The operating
point will be where the valve curve crosses the load line, z.e. 75 volt
negative approximately. -

The application of an alternating voltage due to the reception of an
unmodulated carrier will cause the anode voltage to swing equidistantly
above and below the operating point. Reference to Fig. 95 will show
that the positive half- _
cycle will bring about =7
a much larger change
in anode current than -6
that caused by the
negative half-cycle,
consequently the ave-
rage anode current will
increase. Thisincrease
in current will bring
about an increase in
the voltage drop across
the resistance, R,
which will make the
anode more negative.
The next cycle will ,
make the anode still '
more negative, until 0 77 3 4 5 6 7 8

1
the anode finally set- : CARRIER VOLTS
tles down at a new : A (PEAK)
operating voltage ; in e s
practice this voltage —

be SUCh that the Fig. 96.—Detection curve of a diode. Note that the negative half

pOSitiVC peakS of the of the amplitude modulated carrier is omitted.
applied high frequency

will enable the valve to pass anode current momentarily, say, for about
5 degrees of the cycle, no current flowing during the remaining 355 degrees.
This condition will remain while the carrier amplitude is constant; the
next step, therefore, will be to ascertain the behaviour of the diode
when the carrier is modulated. In order to do this, however, it will be
necessary to plot a curve showing the actual anode voltage of the diode
due to various alternating voltages caused by varying carrier amplitudes;
such a curve is shown at Fig. g6.

The positive half of the carrier will rise and fall on the working
portion of the characteristic, and with the input shown will vary from
I to 4 volts of high-frequency input, which will bring about a change
in anode potential of 12 to 41 volts negative. This voltage will
appear as a potential difference across the diode which may be used

ANODE POTENTIAL (VOLTS)
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to bring about a change of grid potential in the following amplifying
valve.

It will be observed that the changes referred to above take place on
the straight portion of the curve; it follows, therefore, that the voltage
developed will be directly proportional to the voltage applied, consequ-
ently no distortion will be introduced. Reference to Fig. 96 will show
that this state of affairs will not always obtain. Two examples will
make this point clear. If the carrier has a value of 1 volt peak and is
modulated at, say, 50 per cent., it is apparent that the change in applied
voltage due to modulation will be from -5 volt to 1-5 volts. Reference
to the curve will show that the swing in the upward direction will bring
about a larger change in anode voltage than the swing in the downward
direction, which will result in harmonic distortion. Harmonic distortion
may be defined as a departure from faithful reproduction duetothe presence
of frequencies not present in the received waveform. Distortion will also
be introduced if the received signal is more deeply modulated than indi-
cated at Fig. 96 ; an inspection of the curve will show that a modulation
depth of 70 per cent. will just encroach on a non-linear portion of the
curve. Such distortion, however, need not be considered seriously, since
such deep modulation will seldom occur, and then only for extremely
short periods. It is, however, interesting to note that detection will be
linear for any depth of modulation up to about 95 per cent. if the peak
voltage of the carrier be increased to 6 volts.

Detector Damping.—In the above explanation R was given the
arbitrary value of -5 megohm. Since any reasonable resistance will be
very much larger than the impedance of the valve, it will not materially
influence the constants of the detector ; it will, however, have a marked
influence on the tuned circuit. For all practical purposes the effect of
the resistance, R, upon the tuned circuit is equal to connecting a resistance
of half the value straight across the tuned circuit, i.e. the damping
introduced by an anode resistance having a value of -5 megohm will be
equal to connecting -25 megohm across the tuned circuit, which will
bring about a marked decrease in efficiency ; it is apparent, therefore,
that -5 megohm will usually be considered the minimum value. There is
also a limitation in the other direction which is explained below.

Values of R and C.—Reference to Fig. 94 will show that the resistance,
R, has a condenser, C, connected across it. This is necessary to permit
the high frequencies to develop a potential across the diode without the
serious loss which would occur if the resistance, R, provided the only path.
A close study of Fig. 94 will show that since the inductance has negligible
impedance to audio frequencies, the condenser, C, is in parallel with the
diode, the resistance, R,and the input to the following valve, and is capable,
therefore, of attenuating audio frequencies. The degree of attenuation
will be determined by the ratio between the reactance of the condenser
(at audio frequencies) and the resistance of R. Since the reactance of a
condenser is inversely proportional to frequency, the low notes will not
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suffer, but the high notes must unavoidably suffer some loss. The
percentage attenuation of a given frequency compared to a very low
frequency due to connecting a condenser across a resistance may be
determined from the following formula :

Percentageof frequency, f,com- 100 (1 — I
pared to very low frequency ( VI + mzCzR_z)
when R equals resistance in ohms, C equals capacity in farads, and

o equals 2=f.
It may be seen by applying the above formula that if R equals
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Fig. 97.—This circuit illustrates the function of a leaky grid detector.

-5 megohm, C must not exceed about ‘00003 microfarad approx. if the
attenuation of 5,000 cycles per second is to be limited to 10 per cent. ;
the diode detector is usually employed in a type of receiver where attenua-
tion of the higher audio frequencies is inevitable. Since no useful purpose
is served by cutting the higher frequencies in one part of the circuit and
taking undue precautions to preserve them in another, it will usually be
found that a capacity of about -00005 microfarad is associated with
5. megohm to form the load of a diode detector.

The Grid Detector.—Another popular type of detector is variously
called the grid detector, the leaky grid detector, and the cumulative grid
detector. It can best be described as a diode and amplifier combined in
a single valve. Fig. g7 shows the circuit of a diode detector (Fig. 94)
with the addition of an amplifier ; it will be noted that the filaments
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of the two valves are joined together, likewise the anode of the diode
and the grid of the triode. Both the latter-mentioned electrodes are
immediate neighbours of their respective filaments; if, therefore,
the anode of the triode is ignored, it is apparent that there are two
diodes in parallel, which suggest that one could be dispensed with. In
Fig. 97 the diode is shown dotted to emphasise the fact that the
circuit will continue to function as both detector and amplifier if the
diode is removed. Since the resistance, R, and condenser, C, are no
longer associated with an anode they are renamed grid leak and grid
condenser respectively.

It has been stated that the removal of the diode from Fig. g7 will
permit the circuit to function as both detector and amplifier. This
statement is not intended to imply that the efficiency of the circuit
remains unchanged. Assume that when working at some predetermined
anode potential, a triode has a characteristic curve that is straight from
zero to — 5 volts. It would appear that such a valve would permit an
audio-frequency voltage of 2-5 volts peak ; this would be true if the
valve were acting as a pure amplifier. When working as a detector
amplifier, however, the available grid swing is restricted by the carrier-
frequency voltage which will be present on the grid.

When the combined amplitude of carrier-frequency and audio-fre-
quency voltage is too high, the former encroaches on the curved portion
of the characteristic and drives the anode current towards a lower
value when the audio-frequency component is trying to drive it to a
higher value, resulting in a particularly unpleasant form of distortion.
In practice, therefore, a suitable filter is included between the diode
anode and the triode grid to attenuate high frequencies to negligible
proportions.

The Power Grid Detector.—The power grid detector is simply a
variation of the leaky grid detector and differs inasmuch as the anode
voltage is higher, the grid leak has a lower value of resistance, and the
grid condenser a somewhat higher value of capacity. These modifica-
tions result in the valve being capable of handling deeply modulated
signals without encroaching on the curved portion of the valve character-
istic. The advantages of such an arrangement are only manifest when
the high-frequency input voltage is relatively large ; when this condition
obtains it is almost always advantageous to use a diode, consequently the
so-called power grid detector is of very little use and virtually obsolete.

The Anode Bend Detector.—There is yet another system of detection
which is known as anode bend detection. This type of detector enjoyed
considerable popularity some years ago, until its alleged advantages were
found to be offset by surprising disadvantages ; a short description is,
however, included below for the sake of completeness.

Fig. 98 shows the grid-volts/anode-current curve of a high-slope
triode ; if the valve is biased at the point where anode current ceases to
flow (called the cut-off point), it will detect by virtue of the fact that the
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negative half of the applied carrier will not change the anode current,
which will remain at zero since the applied signal voltage will drive the
grid more negative ; the positive half of the signal voltage will, in effect,
reduce the standing
bias and anode current
will flow. Fig. 98
shows the resulting
change in anode cur-
rent due to the appli-
cation of a deeply
modulated signal of
relatively high ampli-
tude. A glance at the
illustration will show
the serious distortion
caused by the deep
modulation encroach-
ing on the curved
portion of the charac-
teristic. 14 12 10 8.
Further considera- |
tion of Fig. 98 will ?:ET::)ER vOLTS .
show that sensibly un-
distorted detection is =
only possible when the
applied signal is so
large that modulation
up to 8o or Qo per cent. Fig. 98.—The principle of anode-bend detection.
does not encroach
upon the curved portion of the valve characteristic. It is admitted that
undistorted detection of relatively small inputs is possible providing that
the signal is not deeply modulated. Since, however, the carrier waves
transmitted by broadcasting stations are deeply modulated, this aspect
is irrelevant.

Accentuated Fading.—The sensitivity of an anode bend detector
tends to increase with an increase of signal voltage, consequently the
gain of the detector stage tends to be higher when receiving a strong
signal than when receiving a weak signal. This unfortunate tendency
aggravates the effect of fading to a very noticeable extent when the valve
used has a gently sloping grid-volts /anode-current characteristic.

The Germanium Diode.—A somewhat radical device was introduced
during the Second World War for the detection of very high frequency
currents, and following improvements in reliability it is now in general
use. It is called a germanium diode and is only about a quarter of a cubic
inch in size. This device relies on the fact that the resistance of a union
between the metal germanium and a suitable contact possesses much

ANODE CURRENT (MILLIAMPERES)
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greater resistance in one direction than the other. Forms of this device
are available with more than two ‘‘ electrodes’’ and are able to amplify
and perform other functions hitherto only possible with valves; they are
called transistors and are having a profound effect on radio receiver
design, especially portables.

The Metal Oxide Detector.—An entirely different type of detector
is available, known as the metal oxide detector, can only perform the
functions of detection and rectification, and is quite incapable of ampli-
fying. The device consists of a metal plate chemically treated on one
side and held in contact with each other so that the chemical face of
one presses upon the metal face of the other.

The metal oxide detector functions by virtue of the fact that it offers
much greater resistance in one direction than in the other direction, and
therefore behaves like a diode.



CHAPTER 13
REACTION AND DAMPING

THE damping on the tuned circuit due to the anode resistance of a diode
detector was dealt with in the last chapter. Bearing in mind the simi-
larity between the functioning of a diode detector and a leaky grid
detector, it might be expected that the same remarks would apply ; it
is true that the damping imposed by the anode resistance of a diode
detector is similar to the .
damping imposed by the grid
leak of a grid detector.
There is, however, a very
much more serious source
of damping due to what is
termed the ‘“ Miller effect.”

Detector Damping.—

Fig. 99 shows a skeleton
circuit of a grid detector,
the presence of capacity be-
tween anode and grid being
emphasised by the condenser,
C, which is intended to repre-
sent it. It will be remem-
bered that both high and
audio-frequency potentials _ , )
are present in the grid circuit, _ , o o
consequently they are also & 9% SR e A ot s trode valve, o
present in the anode circuit.
The capacity between grid and anode of an average triode will be of the
order of 10 upF and will, therefore, be too small to allow an appreciable
flow of audio-frequency current but large enough to permit the flow of
high-frequency current, the amplitude of which will be sufficient to have
a profound influence on the effective magnification of the tuned circuit
unless it is go degrees out of phase.

If the anode load is inductive the current fed back to the tuned
circuit will develop a potential in phase with the original voltage and
will increase the total voltage developed across the tuned circuit ; if
the additional voltage thus developed is large enough, the valve will
oscillate. It is impracticable to have a purely inductive load in the
anode circuit of a detector, as the capacity between the anode and all
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other electrodes will be an important factor if the inductance is large
enough to offer a reasonable impedance to audio-frequency currents.
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Fig. 100.—Curves showing reaction and damping, expressed as
millivolts, developed for an input of 1 millivolt. (C) shows the
natural response of a tuned circuit having a Q factor of 175.
(A) shows response with total detector damping, Q = zo.
(B) shows reduction of damping due to anode bypass condenser,
Q =105. (D and E) show the effect of varying degrees of
reaction: Q = 800 and 8,000, respectively. The curves are
drawn on logarithmic paper to reduce the illustration to practical
proportions. This method is fully described in Appendix I (2).

If the anode load
could be purely re-
sistive the voltage
developed across the
tuned circuit would be
go degrees out of phase
with the original volt-
age, but, again, if the
value of resistance is
high enough to permit
the circuit to function,
the load can be re-
garded as capacitive
due to the parallel
effect of the capacity
between the anode
and other bodies.

A capacitive load
will cause the voltage
set up across the tuned
circuit, due to the cur-
rent flowing through
C, to be out of phase
with the original volt-
age, and will in effect
damp the tuned circuit
to an extent that may
well reduce its magni-
fication from, say, zo0
to zo. The damping
introduced in this
manner may be
equivalent to con-
necting across the
tuned circuit a re-
sistance of low value,
in certain circum-
stances having a value

of only a few thousand ohms. Fig. 100 shows the response curves
of a tuned circuit comprising an inductance of 200 pH, capacity of
200 ppF, and high-frequency resistance of 5-7Q; it will resonate,
therefore, at approximately 8oo kilocycles per second and have a
magnification of 175. Curve (A) shows the response with the detector
damping, while curve (C) shows the response of the same tuned circuit
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relieved of detector damping ; i.e. with the detector valve simply pulled
out of its holder.

Since the grid/anode capacity of an average triode is seldom more
than 10 ppF, it may seem surprising that its influence should be so pro-
found. If the valve indicated in the circuit at Fig. g9 is so designed
that it has an amplification factor of 1, the damping due to the presence
of the capacity, C, will be normal. If, on the other hand, the amplification
factor is, say, 50, it follows that the high-frequency voltage between anode
and filament will be fifty times the voltage between grid and filament,
and consequently the current flowing to the grid circuit will be fifty times
greater. Expressed in the slang of the radio industry the capacity, C,
“looks like” p times its
actual value. (Where u
represents the amplification
factor of the valve.)

Anode Bypass.—It will
be apparent that the damp-
ing of the tuned circuit due
to the Miller effect is de-
termined by several factors,
one of which is the high-
frequency potential of the
anode ; 1t follows, therefore,
that damping will be reduced
if this potential can be de-
creased. Fig. 101 shows the
circuit, Fig. g9, with the
addition of a condenser C,, |
which is connected between Amolitad U o
anode and filament; this & " e coanection of o bypas condensen oIR8
will act as a bypass to high-
frequency currents and reduce the high-frequency potential cf the anode
to an extent dependent upon its reactance. If this condenser could
have a capacity of ‘1 uF the high-frequency potential of the anode would
be negligible, but a capacity of this order would offer a relatively low
reactance to the higher audio-frequency currents and introduce frequency
distortion. The value of C; must be a compromise and must be as large
as possible without attenuating the higher audio frequencies to an
objectionable extent. If the anode resistance has a value of 50,000 ohms
the value of C; will not usually exceed about -003 pF.

The response curve (B) in Fig. 100 is intended to suggest the condition
when detector damping has been reduced as much as possible by making
the value of C; as high as practicable. The magnification of the tuned
circuit is still considerably lower than the natural value, as shown by
curve (C).

Reference to any of the curves shown at Fig. 100 will suggest that
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some means must be adopted to sharpen the curve to obtain a higher
degree of selectivity, since even curve (C) has only a selectivity ratio of
about 2 : 1 for an input 7 kilocycles per second off tune, whereas a ratio
of about 500 : 1 is about the minimum ratio that can be tolerated unless
reception is limited to a local transmitter situated at a distance of a few
miles. For foreign reception a ratio of 500 : 1 is totally inadequate.

Reaction.—Fig. 100 shows response curves marked (D and E) which
show the response of the same tuned circuit when different degrees of
reaction are intro-
duced, the principle of
which is described
below.

Fig. 102 shows a de-
tector circuit with the
addition of a reaction
coil, which in practice
is so arranged that the
coupling between the
two coils can be varied
at wil and so con-

|
! \ nected that the voltage
q induced across the
tuned circuit due to

the magnetic field of
75' ——  the reaction coil will

be in phase with the
signal voltage.

Since reaction coup-
ling is variable it will
|1 > be possible to control
Fig. 102.—A typical amplitude detector circuit with magnetic reac- the amoun.t f,ed bac!('

tion. The degree of reaction is varied by the coupling between the but only within certain

reaction and grid coils. limits > with the care-
ful use of the reaction adjustment it will be possible to exactly offset
detector damping, but closer coupling will raise the magnification of the
tuned circuit above its natural value.

When the magnification of a tuned circuit is increased by means of
reaction the resonance curve becomes sharper and selectivity is increased.
With ordinary care and standard components, reaction can be increased
until the magnification of the tuned circuit is about 5,000, but with
precision apparatus reaction may be increased until the magnification is
approaching 8,000, at which point the effective high-frequency resistance
of the entire tuned circuit will be about ‘13 ohm. Such high values of
Q, brought about by the application of reaction, are of purely academic
interest, since quality of reproduction is ruined by excessive use of reac-
tion. Reference to the curve (E) at Fig. 100 will show that the response
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at 2,000 cycles off tune (2 kcs.) is only about 6 per cent. of the response
at resonance ; this severe top cut would rerder speech unintelligible
and music horribly distorted. -

The extent to which reaction may be used is necessarily arbitrary, but
it is obvious that it may safely be used to an extent that offsets damping
due to the detector .

valve. g
) L
o/

The arrangement
shown at Fig. 102 is

one of many suitable
for introducing re-
action, but is seldom (
used in modern prac-
tice since it is incon-
movable coil. The
P

/1

venient to arrange a
modified circuit shown
at Fig. 103 is a very
popular arrangement ;
the reaction coil is
fixed in relation to the
grid coil and adjust-
ment of reaction is
achieved by varying |
the condenser C; which N -

Fig. 103.— Detector circuit showing capacity-controlied magnetic
C(?Iltl‘OlS the amount of reaction. A high-frequency choke is desirable between the anode
high-frequency current  resistance and reaction coil but is seldom used in practice.

flowing through the

reaction coil, and consequently its magnetic field. The condenser Cg
could be placed at the anode end of the reaction coil, but renders
adjustment difficult, as hand capacity is liable to be introduced. With
the arrangement shown at Fig. 103 one set of plates is at earth potential,
and these undesirable effects are obviated.

Backlash.—When designing a reaction circuit some experiment is
usually necessary to determine the best value of grid leak, grid con-
denser, and anode voltage to avoid undue backlash. Backlash is the
name given to the difference in setting of reaction where oscillation
starts and stops ; a badly designed circuit will start oscillating when the
reaction condenser is rotated, say, 8o degrees, but on the return journey
does not cease at the same point, the valve continuing to oscillate until
the setting is reduced to, say, 70 degrees, making critical adjustment
very difficult.

Reaction Chasing.—The design of the reaction coil is not limited
to consideration of inductance, since the spacing between the actual

reaction coil and the coil to which it has been coupled is somewhat
critical.
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Unduly tight coupling will produce the phenomenon of reaction chasing,
which may be defined as a fault in a reaction circuit, the adjustment of
which unreasonably mis-tunes the circuit to which it is coupled. It is
possible to design a reaction circuit so improperly that a station near the
end of the waveband is pushed completely off the waveband when
reaction is increased for the purpose of boosting signal strength.



CHAPTER 14
THE R.F. PENTODE AND TETRODE

THE chapter that was devoted to the principle of detection showed
that distortion was inevitable with small inputs. It is possible to go a
step farther and say that if the input is small enough detection is im-
practicable. It is apparent, therefore, that some means must be found to
amplify signals of small amplitude before detection, so that the detector
may function in an efficient manner. Pre-detector amplification is
achieved by the use of a * radio-frequency amplifier,”” otherwise called
a high frequency amplifier, which is important since it is in the radio-
frequency stage, or stages, that the selectivity of the receiver will be
determined and, to a large extent, the sensitivity and quality of re-
production.

Triode R.F. Amplifier—Some years ago the triode valve was used for
this function, since there was no alternative type available; but it was
replaced some thirty years ago by a valve specially developed for the pur-
pose called a screened-grid valve or screened-grid tetrode. Although the
triode has fallen into complete disuse as a high-frequency amplifier, it is
desirable to know something
of its performance in order
that the advantages of
X screened-grid valves may be
fully appreciated.

The chief reason for the
unsuitability of the triode for
high-frequency amplification
lies in its relatively high
grid/anode capacity, certain
effects of which were men-
tioned in the last chapter.
Fig. 104 shows the basic
circuit of a high-frequency
amplifierusingatriodevalve;

% ;
the anode load is represented

Fig. 104.—Basic circuit of a high-frequency amplifier using by 7 X,n so that alternative

a triode valve.
forms of coupling may be
discussed conveniently. The simplest form of coupling is obtained by
making ‘“ X"’ a resistance which at first sight would seem satisfactory,
since by using a fairly high value reasonable amplification might be
expected. Unfortunately this arrangement is doomed to failure, since
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the anode resistance will be shunted by the grid/anode capacity of
the valve and sundry stray capacities which at, say, 1,000 kcs. per
second, will amount to only a few thousand ohms, with the result that the
stage gain will be very poor, usually only about three or four. It is
apparent, therefore, that this method, although simple, “is practically
useless on the count of gain alone, without going into the loss of selectivity
due to the unavoidably heavy damping on the grid circuit due to the
Miller effect.

The Screening Grid.—The obvious method of preventing the grid/
anode capacity from reducing the impedance of the anode load is to use a
parallel-tuned circuit (“ X *” in Fig. 104), so that the grid/anode and
stray capacities form part of the total capacity, and have no effect other
than reducing the capacity of the tuning condenser for any given tre-
quency, which is of no importance whatever. With this arrangement
the grid-anode capacity limits stage-gain in another way, since the valve
will oscillate if the energy fed back through this capacity is greater than
the energy used up by the losses in the grid circuit, a condition which will
obtain if the gain is considerable. Thus, in order to stop the valve from
oscillating, the gain must be reduced by deliberately introducing losses,
and once again it is apparent that the triode cannot be regarded as an
efficient high-frequency amplifier.

Circuits are available where a high-frequency voltage is introduced
across the grid circuit in opposite phase to the voltage caused by feed-
back. Such an arrangement is called a neutralised circuit, or neutrodyne,
but has fallen into disuse for a number of reasons, among which is the
introduction of a valve having a very low grid /anode capacity, the screened-
grid valve.

If a metal plate of adequate dimensions is interposed between the plates
of a two-plate condenser and connected to a point that is at zero potential
in respect to them, capacity will cease to exist between the original plates.
This principle is applied in the screened-grid valve, a fourth electrode being
interposed between anode and grid which is appropriately called the
screening grid.! This electrode cannot take the form of a solid metal
sheet, since it would prevent the electrons from reaching the anode, so
use is made of a grid gauze or lattice structure.

Some thought may now be given to the drawing of a multi-grid valve
on the facing page ; if an actual valve of the type indicated is available for
breaking up it will be useful to do so as the position, pitch and spacing of
the electrodes will be more apparent and the position and coverage of
the shielding structure more readily appreciated.

The vital point of this illustration, for the purpose of this chapter, is
the screening grid which is interposed between control grid and ancde,
also the elaborate shielding to screen the electrode assembly from the
components which will surround the valve in a receiver ; among other

! When speaking about a multi-grid it is usual to call the grid * the control grid” to
avoid confusion.
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advantages the use of internal shielding in modern H.F. valves has made
it possible to lead the anode and grid out by way of the base.

Other points of inter-
est are the rigid locking
of the electrodesby mica
discs and the use of a
cooling fin on thecontrol
grid supports to avoid
the possibility of the grid
reaching a temperature
at which it could emit
electrons(grid emission);
the shield which sur-
rounds the actual oper-
ative assembly is per-
forated with holes as a
further means of keep-
ing the electrodes at a
safe temperature.

The Screened Tet-
rode.—The valve dis-
cussed above is a
screened pentode and is
so called because it has
an additional grid be-
tween screening grid and
anode, this refinement
must be forgotten for
the moment as the
special behaviour of
the screened tetrode
must be understood
before the reason for
this extra grid can be
appreciated.

In common with all
valves, the characteris-
tics of a screened-grid
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important to note that

screen plus anode current (i.e. fotul space current) is influenced to a great
extent by the potential applied to the control grid and screening grid,
but to a very small extent by the anode potential. Fig. 106 shows the
basic circuit of a high-frequency amplifier, from which it may be seen that
the screening grid is held at a positive potential (in the D.C. sense), a
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Fig. 106.—Basic circuit of a high-frequency amplifier using a
screened-grid tetrode.

fact, reach the anode, the remainder being °

TETRODE

condenser being connected
between this electrode and
filament to hold it at zero
high-frequency potential
or, to be strictly accurate,
as near to zero as the re-
actance of the condenser
will allow. It is necessary
that the screening grid be
held at a suitable positive
potential, because it exerts
such a profound influence
on the characteristics of
the valve—whichisnotsur-
prising when it is realised
that the electrons must
pass through this grid on
their way to the anode ;
only a proportion do, in

‘ collected "’ by the screen
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Fig. 107.—Characteristic curve of a screened-grid tetrode.
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Note that the straight portion

(105~-150 volts) is restricted by the negative resistance kink.
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and forming a current in the screen circuit which is referred to as the
screen current.

Negative Resistance.—Fig. 107 shows a typical anode-volts/anode-
current curve of a screened-grid valve. It will be noted that its shape
differs radically from curves already shown, inasmuch as it changes its
direction, indicating that a change of anode voltage does not result in a
progressive change of anode current ; it will be both interesting and
instructive to study this curve by making a * tour ” starting from the
low-potential end.

Starting from zero anode volts, and ignoring the Vg = o curve, it will
be seen that an increase of anode potential brings about an increase
of anode current up to 15 volts, after which an increase of potential brings
about a decrease in current until, at 60 volts, the anode current has dropped
to zero. The portion between 15 volts and 6o volts is appropriately
named the negative resistance kink of the characteristic, since an increase
of voltage brings about a decrease in current.

Continuing the * tour,” a small increase of a potential above 60 volts
brings about an enormous change of current, after which the curve flattens
out and is sensibly straight from go to 150 volts and beyond ; but the
curve is not taken far enough for this to be apparent. It will also be
observed that the anode current is greatly affected by grid voltage when a
relatively high anode voltage is applied, but that when the anode voltage
falls below the screen voltage grid potential has little effect. The caption
on the curve Vsg = 60 denotes that the curves were taken with 60 volts
positive applied to the screening grid.

Observations made in earlier chapters have established the fact that a
serious change of direction in the characteristic curve of a valve means
that it will rectify if the incoming signal is permitted to encroach on the
non-linear portion ; it is evident, therefore, that the valve portrayed at
Fig. 107 should be worked with an anode potential as high as permissible,
i.e. 120-150 volts. Mains types are designed to operate with higher
anode voltages, and 150-200 volts may be applied.

Secondary Emission.—The irregular form of a curve associated
with a screened-grid tetrode is due to a phenomenon called * secondary
emission,” which may be described jn the following manner : When an
electron strikes a metal surface with sufficient velocity it will knock out
one or more electrons, which will remain suspended in space until a
positive body takes possession of them. Returning once again to Fig. 107,
it will be possible to trace the effects of secondary emission by studying the
curve more closely.

It is apparent from Fig. 107 that when the applied anode voltage is
greater than 15 volts the velocity of the electrons impinging upon it is
sufficient to cause secondary emission. The electrons thus “ knocked
off ’ the anode are pulled to the screening grid, due to its higher positive
potential. A glance at the curve will show that as the anode potential
is increased up to 60 volts the velocity of the electrons increases to such
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an extent that the flow of primary electrons is off-set by secondary
electrons, so that the mean flow of electrons in the anode circuit is zero.
When the anode potential is raised above the screen potential, so that it
can overcome the pull of the screen, it will collect the electrons tempo-
rarily lost through secondary emission, with the result that the anode
current is not affected by this phenomenon.

It should be noted that the actual flow of electrons from the filament
is not materially affected by secondary emission, since the anode current
lost in this way appears as an increase of screen current ; it is apparent,

3
'Vlz 60 Vg 0

v

e

)
ANODE CURRENT mA

Vg-1

20 40 60 80 100 120 140 160
ANODE VOLTS

Fig. 108.—Characteristic curve of a screened-grid pentode. Note the increased linearity due to the
suppression of secondary emission.

therefore, that the characteristic curve of a screened-grid tetrode could be
flattened out and the negative resistance kink removed if secondary
electrons could be prevented from reaching the screening grid; this
possibility will be referred to below.

Typical Characteristics.—Inspection of Fig. 107 will show that the
impedance of the valve chosen as an example is 200,000 ohms at Vg = o,
while it rises to about 250,000 when Vg = — 1. This increase is not
remarkable, since high-slope mains valves often suffer an increase of
impedance to an extent of four or five times when the grid potential is
varied from zero to — 1. A few years ago valve manufacturers quoted
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the impedance of screened-grid valves when measured under conditions
that could not be used in practice, making the choice of a valve a matter
for luck rather than discretion ; but to-day their catalogues are more
enlightened, and impedance is quoted for working conditions, and is usually
between 150,000 and 750,000 ohms ; values of mutual conductance being
between 1-0 and 15 mA [V for battery valves, and 2+0 and 5:0 mA/V for
A.C. mains types. The amplification factor of a screened tetrode may
be anything between
200 and 1,000, or even
more, but the result- /
ing stage gain is not 8
so high as might be 7 /

expected, for reasons
that will be apparent / /

after reading the next
chapter.

The R.F. Pen- 6
tode.—The screened-
grid tetrode is not
the ultimate answer /

to the problem of
high-frequency ampli- 4
fication, since its non- V/ J
linearity gives rise to

certain difficulties and ( /

it has been superseded /
by the screened-grid — ] 2

pentode. It will be

remembered that the J/ S/
kink in the curve of = /
ascreened-gridtetrode |—"

is due to the flow e
of secondary electrons 15 - =10 -5

from anode to screen- GRID POTENTIAL (VOLTS)

Behf Bl d. . In the Fig. 109.—Comparison between a variable-mu valve and a
screened-grid pentode “straight” valve.

this has been pre-

vented by the introduction of yet another grid, which is placed between
the screening grid and the anode. This additional electrode is called
the suppressor grid, since it suppresses secondary emission.

The suppressor grid is usually very open in construction, and is con-
nected to filament or cathode so that it is held at a potential that is nega-
tive in respect to the screening grid. When the electrons flow from the
filament to the anode their velocity is very considerable, and they are thus
able to overcome the repelling effect of the negative suppressor grid and
pass onwards to the anode. When secondary electrons leave the anode

ANODE CURRENT (MILLIAMPERES)
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they are moving at comparatively slow speed and are unable to make their
way through the suppressor grid, since the comparatively distant screening
grid is unable to give them the necessary velocity, with the result that
the electrons are collected by the anode and the negative resistance kink
is absent.

The anode-volt /anode-current curve of a screened-grid or R.F. pentode is
shown at Fig. 108 ; a valve has been chosen with similar anode-current
characteristics as the screened tetrode already referred to, so that com-
parison is assisted ; it will be observed that the screened pentode has much
greater linearity. The impedance of the screened-grid pentode is usually
somewhat higher than the tetrode which assists selectivity, since the
impedance of the valve may be regarded as being in shunt with its own
anode coupling. This point is, however, insignificant compared to the
advantages accruing from greater linearity.

Variable-mu.—There is a modified form of the two basic types that
have formed the subject of this chapter, called respectively the variable-mu
screened-grid tetrode and the variable-mu screened-grid pentode ; these
valves have modified control grids permitting the mutual conductance
and amplification of the valve to be controlled within wide limits by
variation of grid bias. The methods of using the valve in this way are
described in the next chapter, but a curve is shown at Fig. 109 which
serves to compare the straight with the variable-mu type. The curves
are taken showing the anode current plotted against grid potential,
the curve “ S” representing a typical straight valve, while curve “ V" is
typical of a variable-mu type. It will be seen that the undue application
of bias to the curve “S” will result in rectification owing to the sharp bend,
but that bias may be applied up to the cut-off point of curve «“ V” without
introducing serious rectification, the curve being a gradual sweep devoid
of the sharp bend that is characteristic of curve “S.”




CHAPTER 15
RADIO-FREQUENCY AMPLIFICATION

THE previous chapter dealt with screened-grid valves especially designed
for radio or high-frequency amplification. Attention can now be directed
to the application of these special valves to the intended purpose.
As already intimated, radio-frequency amplification has a profound in-
fluence upon sensitivity and selectivity, and consequently upon the quality
of reproduction ; it is obvious that the radio-frequency amplifier should be
so designed that it maintains within reasonable limits the degree of these
qualities present over the range of each waveband. The radio-frequency
amplifier can conveniently be divided into two sections, the aerial coupling
and the anode coupling.

The Aerial Coupling.—The aerial coupling may consist of any number
of tuned circuits ; for present purposes, however, it is only necessary to
consider those couplings which employ one or
two tuned circuits. The most simple form of
aerial coupling is a single coil connected
between the grid and cathode (or filament) of
the amplifier, the aerial and earth being con-
nected to either end respectively. This arrange-
ment, however, is so unselective that it may be
considered useless for present-day conditions.
The most simple coupling that is likely to prove
useful is shown at Fig. 110, which shows the grid
coil arranged as an auto-transformer, since the
aerial and earth system is tapped across only a
portion of the grid coil ; this arrangement gives
some control over selectivity, since this quality |- ;ZE
is increased by reducing the number of turns
between earth and the point where the aerial is
tapped into the grid coil. This gain can be
accomplished without loss of sensitivity within .
certain limits, since there is an optimum point =
for maximum stage gain which is not the top Fi§- 11o—Auto tansiormer
of the coil unless the aerial is extremely short. '

If the aerial is tapped in at a point lower than the optimum point, some
loss of sensitivity may be expected.

A slight modification of the arrangement shown at Fig. 110 is shown at
Fig. 111, where the aerial tapping is replaced by a small inductance

111
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coupled to the grid coil. This coil is sometimes referred to as an aperiodic
aerial coil, which is a misnomer, since the aerial coil is tuned by virtue of
the coupling existing between it and the tuned grid coil. By suitably
proportioning the number of turns in the aerial coil to the number of
turns in the grid coil, and by carefully regulating
% the coupling between them, some effort can be
made towards securing a uniform response-curve
over the waveband in question. This illustration
also shows the optional inclusion of a small
condenser, usually of the order of 10 uuF,
R which may be included to raise the efficiency at
: the high-frequency end of the waveband which is
liable to suffer due to a number of causes,
including the effect of dielectric losses and the
high-frequency resistance of the coil ; this con-
denser is usually omitted on the long waveband,
# the suggested value of 10 uuF being suitable for
the normal medium waveband.
Cross Modulation.—Additional selectivity
may be obtained by suitably designing the anode

= coupling or couplings of the high-frequency
Fig. 111.—Aerial transformer  @INPlifier valve or valves, but even if the over-a}ll
coupling. selectivity is sufficiently high, it is nevertheless

necessary that the aerial coupling itself shall
possess an adequate degree of selectivity in order to avoid the phenomenon
known as cross modulation. When the selectivity of the aerial coupling
is inadequate, the first valve may become overloaded by energy received
from a powerful station when actually tuned to some other station ; the
condition of overload causes a screened tetrode and, to a lesser extent, a
screened pentode to rectify and impose the modulation of the unwanted
station on to the carrier of the wanted station ; thus the carrier wave of
the wanted station appears in the anode circuit of the valve carrying the
modulation of both stations. Since both modulations are imposed upon
a single carrier, it is impossible for successive tuned circuits to remove the
interference. It is interesting to note that when a station is being
received with interference due to cross modulation the unwanted station
will disappear when the wanted station closes down. This is of course
due to the inability of the unwanted station to break through the tuned
circuits of the receiver without the assistance of the carrier wave to which
the receiver is tuned.

It must be made clear that cross modulation is much more prevalent
when utilising the screened-grid tetrode than when using the screened-grid
pentode. Nevertheless the latter can produce this phenomenon, and
therefore it is necessary that adequate selectivity be provided in the aerial
coupling ; the use of high selectivity in the aerial coupling is sometimes
referred to as *“ pre-selection.”
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Bandpass Coupling.—Adequate selectivity can be obtained by a
single tuned circuit in the aerial coupling, but only at the expense of
cutting sidebands resulting in a more or less serious loss of the high audio-
frequencies. To obtain a high degree
of selectivity without serious loss of
quality it is convenient to employ a
double-circuit tuner of the type known
as a bandpass filter. Reference has
already been made to this type of
circuit, and the response-curve of a
typical bandpass coupling is shown
at Fig. 71 on page 65. Figs. 112, 113,
and 114 show the basic circuits of band- %

N|
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pass tuners in general use. That
shown at Fig. 112 is probably the
most popular of the three types shown,
and consists of two separate tuned

circuits coupled together by the re- T
actance of the fixed condenser which

is common to both circuits; the coils
themselves are screened to prevent Canaci ,
mutual coupling or, alternatively, =& % Capacity-eoupled bandpass aerial
mounted at right angles to accomplish

the same purpose. With this arrangement the band width of the
response-curve may be varied by varying the capacity of the coupling
condenser and the variation of band width over any one waveband is
not intolerable.

The arrangement shown at Fig. 113 relies upon mutual coupling to
determine the band width and is very efficient when used as a filter on a
particular frequency, but for general purposes, where reception is required
within the limits of, say, the broadcast waveband, it has a disadvantage
that the characteristic of the response-curve shows very considerable
variation. All simple bandpass circuits tend to give low response at the
high-frequency end of the waveband and inconstancy of band width,
troubles that are overcome in modern receivers by the use of mixed
couplings ; the most simple form of mixed coupling will be obtained by
connecting a small condenser of the order of 10 ppF between the top
ends of the two tuned circuits shown at Fig. 1x2. This type of coupling
is used by many of the radio receiver manufacturers.

Where extreme selectivity is required and some loss of sidebands is
not regarded as a serious drawback, it is convenient to use a circuit shown
at Fig. 113, the two coils being loosely coupled instead of over coupled.
With this arrangement any degree of selectivity may be obtained
within reasonable limits by loosening the coupling, which will be accom-
panied by a more or less proportionate loss of sidebands and sensitivity.
[t is, however, possible to overcome the loss of sidebands to some extent
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\% by employing subsequent tuned circuits
of the over-coupled bandpass type so
adjusted that the middle frequencies
are attenuated and the sideband fre-
quencies accentuated. This arrange-
ment is sometimes used in super-
heterodyne receivers (the principle of
which is dealt with in a later chapter),
but there are several examples of its
application in straight receivers, some
of which may be found among con-
temporary receivers.

A complete book might well be de-
voted to the subject of aerial coupling,
but the numerous possible variations
are all based upon circuits mentioned
above. It should, however, be borne
in mind that the efficiency of any tuned
circuit is very greatly influenced by the
actual design of the coils used, since
— . . . the response-curve of any coupling
T o eria) COupling which relies o0 nust be to a greater or lesser extent

circuits to obtain bandpass character- determined by the magnification of

istics. the tuned circuits used.
Intervalve Coupling.—The anode coupling may consist of a resistance,
high-frequency choke, oratunedcircuit. Forreasonsthat have already been
elaborated only the last-named needs consideration, and for convenience
may be divided into three broad
groups, tuned anode, tuned grid, and
tuned radio-frequency transformer.
It is true that the tuned anode and

tuned grid are merely modifications

of each other. It is nevertheless con-

venient to consider them separately. 2 _La
X

Tuned Anode Coupling.—The
tuned anode arrangement is shown at
Fig. 115 and represents the simplest
possible form of tuned coupling, since
it is made up of the bare necessities
of a tuned circuit. 'Where the produc-
tion of maximum stage gain is the

only consideration use may be made

of this coupling, but it presents con-
siderable difficulties, since it is proba-
bly more difficult to achieve stability _. = _

when using tuned anode couplings of Fig. 114. Inducugﬂ;ﬁge‘ibandpwaem]
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high effective dynamic resistance than when using any other tuned
couplings having similar characteristics. ~This difficulty is partly due
to difficulties encountered in adequately screen-
ing the tuned circuits from each other, and also [
partly due to the large high-frequency voltage
developed at the anode.

Tuned Grid.—The tuned grid coupling
(Fig. 116) has the advantage that stability
is comnparatively easy to achieve since the
dynamic resistance of the anode coupling is
limited by the shunting effect of the choke or
the anode resistance, which from the point of
view of high-frequency voltages may be con-
sidered as being in parallel with the tuned circuit.
It will be noted that one side of the tuning con-
denser is at earth potential, which minimises feed
pack to the grid circuit when using the conven-
tional type of ganged condenser. It is apparent
that this circuit cannot give the maximum gain .
of which the valve and coil are capable, since P& 115 =Tuned snode
the impedance of a tuned circuit must be reduced '
when shunted by a pure resistance or another impedance. By varying
the value of this resistance, the dynamic resistance of the tuned circuit
may be varied and some control obtained over the stability of the stage.
_ It should be noted, however, that the
J value of the anode resistance may not

be unduly low, since it will have the
effect of damping the tuned circuit
and reducing selectivity. Some such
damping, however, is desirable in the
interests of good quality if the mag-
nification is high enough to attenuate
- L the sidebands seriously. The anode
%

resistance may be replaced by a high-

frequency choke which has low D.C.

limited, but is otherwise to be avoided,

|
7_“ resistance and relatively high impe-
dance. It is therefore an advantage
when the total high-tension voltage is
since its impedance is liable to vary
J with frequency.

s O e BT The Tuned Inter-valve Trans-
A & "PUR8 former.—The usual type of tuned
transformer is shown at Fig. 117, and may be considered to be the most
desirable form of coupling unless considerations of cost or convenience
suggest the use of the couplings already mentioned; the most useful
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feature of the high-frequency transformer is its ability to step up or step
down voltage by adjusting the number of turns in the primary in relation
to the number of turns in the secondary, thus permitting the control of
both stability and selectivity. It also permits
maximum stage gain to be obtained in a multi-
stage amplifier where instability may be a
limiting factor; this important aspect is again
referred to later in the chapter.

Stage Gain.—The stage gain of a radio-fre-
quency amplifier may be obtained from the
following simple equation :

AN
AN

w X R

() o

>/ when r, is anode impedance, R is dynamic
resistance of anode circuit, and g is the amplifi-
cation factor of the valve.

Thus a screened-grid valve having an amplifi-
cation factor of 750 and an impedance of
500,000 ohms under working conditions associ-
. . ated with an anode coupling having an effective

F T omeeralve - dynamic resistance of 200,000 ohms will have

a stage gain of 300 times. The expression
‘“ effective dynamic resistance "’ is used, since the nominal value will be
decreased by grid current damping if it is followed by a grid detector or,
alternatively, will be increased by feed back if it is followed by another
stage of high-frequency amplification. The effective dynamic resistance
of a tuned circuit is often small when compared with impedance of the
valve. In these circumstances the formula may be simplified as follows:

Stage gain =

uR
Ts
when r, equals the impedance of the valve under working conditions, R
equals the effective dynamic resistance of the tuned circuit, g equals the
amplification factor of the valve, and g, equals the mutual conductance
of the valve in ampéres per volt.

Stability.—When visualising the use of modern high-gain valves and
iron-cored ““ Litz " wound coils having high dynamic resistance it is easy
to obtain high stage gain on paper, but it is quite another matter to obtain
high gain with stability in an actual receiver. Instability will arise from
one of two causes, energy fed back from anode circuit to grid circuit due
to accidental magnetic or capacity coupling arising through insufficient
screening between one circuit and the other, and to energy fed from anode
to grid circuit through the capacity existing between the anode and grid
of the valve. It has already been stressed that the grid anode capacity
of the screened-grid valve is of a very low order. It is nevertheless

Stage gain = or g, X R
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significant, since it will determine the maximum stage gain that may be
developed without the valve bursting into oscillation ; assuming that the
screening between the anode circuit and grid circuit is perfect, the per-
missible stage gain may be calculated from the following formula. The
stage is stable when the undermentioned expression produces an answer
that is less than 2 :

g8 X Ry X R, XCXfX2Xm

when R, equals the effective dynamic resistance of the grid circuit, R
equals the effective dynamic resistance of the anode circuit, C equals the
inter-electrode capacity of the valve in farads, f equals frequency in cycles
per second, and = equals 3-141.

The above formula is included rather to show the effect of the various
constants upon stability, since its actual application is very seriously
limited by the inability of obtaining by simple methods the values of
R, and R, Also the assumption that screening is perfect represents a
degree of optimism that is quickly modified by a little practical experience.

If constants are chosen for a high-frequency amplifier using a single
valve in such a manner that the maximum gain is obtained, that is to say
the valve is approaching the point of self-oscillation, it cannot be assumed
that the constants can be duplicated for the second stage, since the energy
fed back from the anode of the second valve will increase the effective
dynamic resistance in the anode circuit of the first valve and cause it to
break into oscillation. Unless gain and selectivity are to be deliberately
decimated by damping the tuned circuits, recourse must be made to the
use of a high-frequency transformer of suitable ratio. To obtain stability
it is necessary in effect to reduce the high-frequency voltage at each anode,
since this will proportionately decrease the energy fed back through the
grid anode capacity of the valve. The use of a step-up transformer will
reduce the anode voltage out of proportion to the loss of stage gain, since
the voltage across the secondary of the transformer will be proportional
to the square of the voltage across the primary. For an example, if it is
necessary in a multi-stage amplifier to use a transformer having a ratio
of 4:1, the high-frequency potential at the anode will be reduced to
/sth and the gain will be divided by 4; the use of such a high ratio
would not normally be contemplated in practice, but serves to accentuate
the principle, and illustrates clearly the desirability of achieving stability
in this way compared to a wasteful alternative of reducing gain by other
means, such as damping the tuned circuits or reducing the amplification
factor of the valve by lowering the screen voltage. It is possible to
substitute an auto-transformer for the tuned high-frequency transformer,
that is to say, to use tapped tuned anode or tapped tuned grid.  There
are, however, several drawbacks to this method, which is fast becoming
obsolete.

Volume Control.—The question of maximum gain naturally gives rise
to the thought that mecans must be available for reducing the stage gain
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at will when powerful stations are being received ; several systems of gain
control are available, some for use in front of the detector, some for use
after the detector. Among the former may be mentioned the following :
variation of screen voltage will control stage gain, since the reduction of
screen voltage will bring about reduction of the amplification of the valve.
This method is to be deprecated, however, since it increases the tendency
of the valve to overload and consequently may be expected to give the
worst quality from the most powerful signal, which will normally be the
local station, from which the best quality is usually expected. '

A variable resistance may be associated with the aerial coupling
either as variable damping on the tuned circuit or as variable input to
the aerial coil. Both methods have the disadvantage that although the
signal strength is controlled the valves are working at maximum gain and
consequently noises inherent to the working of valves, e.g. valve hiss,
will remain at a maximum. |

The only really satisfactory form of volume control is the utilisation of
variable-mu valves for the first or, preferably, all high-frequency stages.
It will be recalled that control of amplification is made possible by
varying the grid voltage of a variable-mu valve.

It cannot be said that the variable-mu valve offers the perfect solution
to the problem of gain control, since relatively large signals will un-
avoidably operate on a curved portion of the characteristic. There iis,
however, no other system available that offers less disadvantages. The
variable-mu valve, though not perfect, is nevertheless satisfactory, and
fortunately gives negligible distortion on powerful signals because the
grid-volts/anode-current characteristic is sensibly straight when high
values of negative voltage are applied. By the use of variable-mu valves
it is possible to obtain automatic control of gain regulated by the ampli-
tude of the received signal; this arrangement is known as automatic
volume control, and is of such importance that a subsequent chapter is
devoted entirely to this subject.



CHAPTER 16
THE PRINCIPLE OF THE SUPERHETERODYNE

IT has already been stated that selectivity may be increased by the use
of additional tuned circuits; when two or three, tuned circuits are
sufficient to give some predetermined degree of selectivity, there is much
to commend the use of the so-called ““ straight ”’ receiver.

The design of a receiver using four or more variably tuned circuits
presents certain practical problems inasmuch as the ganged condenser
assembly must possess a degree of accuracy that can only be obtained at
considerable expense ; furthermore, such a receiver must necessarily be
somewhat unwieldy, and serious difficulties will be encountered due to the
inconsistency of the response curve, for reasons that have been explained
in an earlier chapter, and inaccuracies in the matching of the ganged
condenser at various degrees of its rotation.

Three tuned circuits are inadequate for present-day conditions, while
the selectivity obtainable from four tuned circuits is only adequate
when the individual circuits are so sharply tuned that sideband cutting
is serious. The broadcast bands are so congested that six efficient tuned
circuits may be regarded as the workable minimum if it is desired to receive
weak stations working on frequencies close to powerful transmitters situ-
ated at relatively short distances from the receiver. Since there is
need for a very high degree of selectivity, and it appears impracticable to
employ sufficient variably tuned circuits to obtain it, other means must
be found; such means are available in the form of the supersonic
heterodyne receiver, which is colloquially called the superheterodyne or,
even more briefly, the superhet.

Frequency Changing.—Expressed in a nutshell, the superheterodyne
principle permits the use of any number of tuned circuits, all permanently
tuned to a specific fixed frequency; the incoming signal having its
frequency ‘‘ changed ”’ to this predetermined frequency irrespective of its
original frequency. By these means only two tuned circuits are essential,
although three tuned circuits are desirable for reasons which will be
apparent in due course.

Before proceeding with the detailed description of this important
principle, it will be as well to take a bird’s-eye view of a typical circuit, to
become familiar with the order in which the several functions occur.
Fig. 118 shows a block diagram of a superhet circuit.

Although, in principle, a single tuned circuit is cited, it is desirable to use
two tuned circuits or, as a refinement, a stage of ordinary radio-frequency

R.T.I—Q 11y
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amplification preceded by bandpass aerial coupling, for reasons which
will be made clear in due course ; it is, however, sufficient for the moment
to visualise the single tuned circuit aerial coupling. The next box in the
diagram is the “ mixer,” the purpose of which is to combine the incoming
signal with the output from the oscillator ; note that the incoming fre-
quency must be combined with the output from the oscillator and not
merely co-exist. In a manner which will be described shortly the com-
bined signal output from the mixer can be made to take the form of a new

TUNED | | | . || ]
AEriaL [ | wmixer [ | MF  [T) DETECTOR [ | ouTpuT
LR AMPLIFIER
TUNED ;
OSCILLATOR

Fig. 118.—A block diagram showing the various sections of a superheterodyne receiver.

frequency that will be constant irrespective of the frequency of the
incoming signal, and is known as the intermediate frequency, abbreviated
as I.F. It should be noted that the intermediate frequency will be
modulated in sympathy with the modulation imposed on the carrier wave
of the incoming signal.

The Oscillator.—Some mention has been made of the basic purpose of
the oscillator ; this portion of the circuit is basically a valve, usually a
triode, the anode circuit of which is so tightly coupled to the grid circuit
that continuous oscillation is maintained, the frequency of which is con-
trolled by tuning either the grid or anode circuit, almost invariably the
former.

Thenext boxrepresents the intermediate-frequency amplifier, which will
comprise one or more screen valves arranged as high-frequency amplifiers,
with the exception that they are only required to deal with one fixed
frequency, i.e. the intermediate frequency. The frequency chosen may
vary, but will usually be low enough to permit the use of really efﬁc1ent
coils with complete stability so that high gain is achieved.

The output of the intermediate-frequency amplifier is fed to the
detector, which functions in a normal manner since the wave form,
handled by the intermediate-frequency amplifier, has all the character-
istics of a modulated carrier ; the output from the detector being passed
to the output stage in the conventional manner. The detector stage
usually employs a diode, which is followed by a stage of amplification
before the signal is ultimately fed to the output stage. This detector is
sometimes called the second detector because the mixer is sometimes also
regarded as a detector. No useful purpose will be achieved by raising the
controversy regarding the necessity for detection in the mixer stage,
since it is an argument which may cause considerable confusion.
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Intermediate Frequency.—This brief survey will have served to
identify the various sections of the superheterodyne, which makes it
possible to discuss conveniently the manner in which the frequency of the
incoming signal is changed to the predetermined intermediate frequency.
Assume that the aerial circuit is tuned to resonance with a transmitter
radiating at a frequency of 1,000 kcs. per second, and that the
oscillator is tuned to 1,465 kcs. per second; if these circuits are
arranged in conjunction with a valve so that both the incoming signal
and the oscillator can vary its anode current, a complicated set of fre-
quencies will appear in the anode circuit. Ignoring for the time being
the various odd frequencies due to harmonics, there will be four pre-
dominant frequencies, (@) the signal frequency, which it will be remem-
bered is 1,000 kcs. ; () the oscillator frequency, 1,465 kcs. ; (¢) a frequency
which is equal to the difference between the signal and oscillator fre-
quencies, .e. 465 kcs., and a frequency which is equal to the sum of the
signal and oscillator frequencies.

It is apparent that, since the frequency of the combined wave form is
equal to the sum and difference between the signal and oscillator fre-
quencies, an oscillator frequency of 535 kes. will also produce a
465 kcs. component, since the difference between 1,000 kes. and 535 kcs.
is equal to 465 kcs. In practice, however, the oscillator frequency is
almost invariably higher than the signal frequency.

A moment’s reflection will show that the 465 kcs. component can be
kept constant for any signal frequency if the oscillator frequency is
maintained at 465 kcs. higher. To carry the point a step farther, the
oscillator circuit and aerial circuit can be so designed that the rotation of
a ganged condenser will tune the aerial circuit and the oscillator circuit,
the essential difference in frequency being maintained by using specially
shaped vanes for the oscillator condenser, or by other means which will
be described in due course.

No doubt the reader will have already concluded that the 465 kcs. is
the intermediate frequency ; obviously the oscillator frequency could be
varied to produce any intermediate frequency ; 465 kcs. is, however, in
general use, although 128 kcs. and 110 kcs. are among the intermediate
frequencies that are, or have been, used in this country. In America
456 kcs. is standardised ; there are reasons for governing the choice of the
intermediate frequency which are discussed during a later chapter, but
465 kes. will serve very well for the present explanation.

As already mentioned, there will be a variety of frequencies present in
the anode circuit of the mixer valve ; only one of these, the intermediate
frequency, must be passed on to the intermediate-frequency amplifier,
and all others must be rigorously eliminated. This necessary selection is
accomplished by means of a tuned circuit, which invariably takes the
form of a transformer having both primary and secondary tuning, since
it is desirable to introduce as many tuned circuits as possible in the
interests of selectivity, while in the interests of quality the primary and
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secondary can be over-coupled to give bandpass characteristics. It should
be noted that each intermediate-frequency amplifier stage may introduce
a further two tuned circuits.

As already explained, all the tuned circuits associated with the inter-
mediate frequency are adjusted to 465 kes. This gives great scope for
designing transformers capable of giving really good bandpass character-
istics, since they are intended to work at one predetermined frequency and,
furthermore, the frequency chosen is usually sufficiently low to permit
high coil magnification to be used without impairing stability.
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Fig. 119.—Basic circuit showing the use of an ordinary triode and pentode valve to form a frequency-
changing stage. This circuit is not recommended, but is included to illustrate the text.

A Simple Frequency Changer.—Fig. 119 shows the basic circuit of
a frequency-changing stage using a triode as oscillator and a screened
pentode as mixer; this circuit, in fact, constitutes the first stage of a
simple superheterodyne, but is scarcely of the type that could be recom-
mended, since much more efficient arrangements could be evolved around
modern specialised valves, the several types of which are dealt with
separately in the next chapter, together with suitable circuits in which to
use them. The circuit shown at Fig. 119 is included since it employs
valves with which the reader has already been made familiar, and this
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permits the principle to be discussed without the complication of simul-
taneously introducing a new type of valve. The signal is introduced by
connecting a tuned grid coil between the grid and cathode of the valve
in the conventional manner. The oscillator consists of a tuned grid coil
so arranged that its frequency is always higher than the frequency to
which the aerial coil is tuned by an amount equal to the intermediate
frequency. Oscillation is maintained by the close coupling between the
oscillator anode and grid circuits, the principle involved being similar
to the coupling existing in detector circuits for the purpose of introducing
reaction. It will be observed that the grid circuit is completed from the
H.F. point of view by a fixed condenser, and completed from the D.C.
point of view by a resistance. This resistance and condenser act in
conjunction with each other and cause the valve to bias itself by grid
current ; when the grid becomes positive, grid current flows which sets up
a potential difference across the resistance, which in turn charges the
condenser which tends to maintain the bias when grid current is not
actually flowing. In this way the valve will bias itself so that the grid
only just runs into grid current on the occasion of each positive half-
cycle.

yThe pentode is usually worked under a condition of relatively high
negative grid bias, which is derived from the resistance in its cathode lead.
The parallel condenser in this case is intended merely as an H.F. by-pass,
a similar purpose being served by the condenser shown immediately above
it, and connected between screen and cathode. The signal is introduced
ontheordinary control grid as already described, while the output from the
oscillator is fed directly to the suppressor grid, resulting in the oscillator
output having a measure of control over the anode current of the pentode.
Thus both oscillator and the incoming signal control the anode current.
A suitable tuned circuit is included in the anode circuit of the pentode to
select the intermediate frequency, which will be either the sum of or the
difference between the signal and oscillator frequencies as described above.

The circuit in question, Fig. 119, cannot be recommended, since it
requires a very large output from the oscillator owing to the relatively
small control exercised by the suppressor grid; the average type of
pentode requiring between 20 and 30 volts swing from the oscillator.
The circuit is, however, included as it forms, in the author’s opinion, the
simplest possible circuit capable of illustrating the principle of the
frequency changer. Modern specialised valves designed expressly for this
purpose are described in the next chapter.

The arrangement shown at Fig. 119 is capable of considerable modifica-
tion, since the principle involved is the generation of local oscillation
which is made to exercise some control over the anode current of the
mixer valve, the essential feature being that the incoming signal also
exercises a measure of control. There is no reason why the oscillator
valve should be a triode, it could equally well be a screened-grid or high-
frequency pentode valve. In the illustration the frequency of the
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oscillator is determined by the grid circuit, which is tuned by means of a
variable condenser ; the same purpose could be achieved by tuning the
anode circuit, a practice that is carried out in a number of commercial
receivers.

In order to simplify the function of a frequency-changing stage the
oscillator output is connected to the suppressor grid of the mixer valve;
another possible arrangement is connection to the screening grid, which
necessitates the use of a fixed condenser to prevent the voltage on the
latter from appearing as a grid potential on the oscillator valve. Yet
another possible arrangement is a coupling between the oscillator circuit
and the cathode circuit of the mixer valve. Various methods of
frequency changing with specialised valves designed expressly for this
purpose are described in the next chapter.



CHAPTER 17

FREQUENCY-CHANGING VALVES

THERE are a number of specialised types of valves designed specifically
for frequency changing or mixing. In the inevitable fashion of nomencla-
ture adopted in this country considerable confusion exists, since the names
of two of these valves have been reversed by some manufacturers—as will

be seen below. Since the functioning and, in
some cases, the purpose of these specialised valves
show considerable differences, it will be con-
venient to deal with each type as a separate
entity, presenting them in an order chosen for its
convenience, and without consideration of their
date of introduction.

The Pentagrid.—Some frequency-changing
valves are definitely two separate valves mounted
into one bulb. The pentagrid, however, is an ex-
ample of the truly single-valve frequency changer,
and in consequence is somewhat elaborate in
structure. The writer has before him a typical
example of a well-designed pentagrid, and it will
be interesting to recount the details of its con-
struction as being a typical example of valves of
the class under discussion. The external appear-
ance of the assembly may be seen at Fig. 120,
while certain of its component parts are shown
in the illustration, Fig. 121. Starting from the
innermost electrode, and working outwards, the
first electrode toreceiveattention will be the heater
and cathode assembly, which consists of an
M-shaped heater-wire porcelain coated and in-
serted in a metal cathode, the active coating of
which is basically the usual mixture of barium
and strontium oxides. The cathode is surrounded
by a narrow grid, marked 1 in the illustration.
This grid is made of nickel-chrome wire, wound
on copper supports in order to prevent the grid

Fig. 120.—The electrode as-
sembly of a typical penta-
grid valve. The external
appearance of the octode
is similar,

wires from becoming heated, which would cause the grid to emit
electrons, since its proximity to cathode causes it to collect a certain
amount of active material. When the assembly is completed the grid

128
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is terminated by blackened metal fins, further to assist in the dissipation
of the unwanted heat.

The next electrode, 2 in the illustration, is what is sometimes called a
phantom grid, due to its exceptional open construction. It is, in fact,
simply a piece of bent wire. Next come three grids of more normal
appearance, marked 3, 4, and 5 in the illustration, and, finally, the anode,
which may be clearly seen in Fig. 120. All the electrodes are connected
with separate pins in
the base, with the
exception of the grids
marked 3 and 5, which
are connected intern-
ally and therefore are
brought out to a com-
mon pin. The grid
marked 4 is not con-
nected to a pin in the

base but to a terminal

Fig. 121.—The electrodes ot a pentagrid valve. The anode is not situated on the tOp
shown, since it may readily be seen at Fig. 12o0. Thoselshown are, of the bulb. The re-
from left to right : heater, cathode, oscillator grid, oscillator anode 0 =S8 :
(phactom grid), inner screening grid, signal grid, and outer lative qultloplng of
screening grid. these grids is kept

constant by the use
of mica discs, which serve to lock the assembly in permanent alignment.

The above brief introduction will have served to give a mental picture
of the pentagrid, and attention may now be directed to the purpose fulfilled
by each of the several electrodes.

The following explanation should be read in conjunction with the
illustration at Fig. 122. Electrons are duly emitted from the cathode and
are accelerated by the potentials on grids 2 and 3, which are positive in
respect to the cathode; the bulk of the electron stream is checked by grid
4, which is held at a negative potential in respect to the cathode, with the
result that an electron cloud will form between grids 3 and 4, and the sub-
sequent movement towards the anode will be controlled by the potential
of grid 4, which it will be noted is varied by the received signal. It will be
observed that grid 1 constitutes a normal tuned-grid circuit, and that
grid 2, the phantom grid, is in series with an inductance that is tightly
coupled to the grid coil ; thus the cathode with grid 1 and grid 2 form a
triode which will oscillate under the conditions outlined above, and in so
doing will control the number of electrons passing to form the electron
cloud.

It may be seen from the above brief explanation that the main anode
current of the valve is controlled by grids 1 and 4 of the oscillator and
signal grid respectively. The result of this dual control is the production
of beat notes in the anode circuit, one of which will be the intermediate
frequency. As already intimated, this frequency may be selected by
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placing a suitable tuned circuit in the anode circuit which will not only
separate the intermediate frequency by virtue of its selective properties,
but will attenuate the other frequencies, as it will offer to them a relatively
low impedance. The above explanation is abridged to such an extent
that it is not quite complete, but it is hoped that it will serve as an intro-
duction to the rather complicated process of frequency changing within
the stream of electrons without going into the matter mathematically or
devoting undue space to what is purely a matter of interest, since the
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Fig. 122.—The basic circuit of a pentagrid frequency changer. Like all circuits in this chapter it is
a skeleton circuit, and lacks certain necessary refinements.

important aspect is the feat that the valve accomplishes rather than the
method of its internal working.

Fig. 122 needs some further explanation. It will be observed that no
values are given for the components, since these vary widely with valves
of different manufacture. The aerial coupling is arranged as a single-
tuned circuit and develops a potential between the signal grid and cathode,
negative bias for this grid being provided by the bias resistance in the
cathode circuit. The signal grid, which is sometimes called the modulator
grid, usually has variable-mu characteristics, and control of volume may
therefore be obtained by using a variable resistance in place of the fixed
resistance in the cathode circuit. The signal grid is sandwiched between
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grids 3 and 5, which serve the same purpose as the screening grid of an
ordinary H.F. valve. In this case, however, the signal grid is screened
from everything to prevent coupling between this circuit and the oscillator
circuit, which would result in the oscillator frequency being re-radiated by
the aerial and the tendency for one tuned circuit to mistune the other.

Grids 1 and 2 form with the cathode a triode oscillator in the manner
already described, but attention may be directed to the grid leak and
condenser associated with grid 1, which is not intended to produce grid
rectification, but is intended to hold the grid at the required potential,
which is obtained by the voltage drop across this resistance due to grid
current which flows when the grid swings to maximum positive, This
circuit, like all circuits shown in this chapter, is stripped of refinements
that would be necessary under working conditions, since they are intended
to illustrate the principle ; full circuits are illustrated and described in
a later chapter.

The pentagrid may be described as a most efficient frequency changer
when used at the relatively low frequencies, that is to say below 1,500 kcs.
(200 metres), but its efficiency begins to fall off at the higher frequencies,
and at frequencies around 20,000 kcs. (15 metres) it is difficult or im-
possible to make the oscillator section function. The pentagrid may be
regarded as a tetrode when considering the behaviour of the anode circuit,
since the electron cloud, signal grid, outer screening grid, and anode form
and operate as a screened tetrode. The valve has a comparatively low
anode impedance, and consequently somewhat severely damps the tuned
circuits which form the intermediate frequency transformer.

The Octode.—As explained above, the pentagrid introduces severe
damping in its anode circuit, which is common to all valves which bear
resemblance to the tetrode. The octode is an attempt to overcome the
difficulty by introducing a suppressor grid between the outer screening
grid and the anode which raises the impedance in the same manner that
the suppressor grid functions in the H.F. pentode. In this way damping
of the intermediate-frequency tuned circuit is reduced. Unfortunately,
however, certain drawbacks are also introduced, particularly in the
direction of increased total space current, which is presumably the reason
why this valve does not enjoy the popularity that might be expected.

The Heptode.—The heptode somewhat resembles the pentagrid, inas-
much as it utilises 5 grids. It is not, necessarily, a complete frequency,
changer, but very often is a mixer or modulator valve, making essential
the assistance of a separate oscillator to form a complete frequency-
changing stage. The basic circuit arrangement for this valve is shown
at Fig. 123, from which it may be seen that it bears some resemblance
to the octode, since the outermost electrode is connected to the
cathode and forms a suppressor grid. In other words, the oscillator and
heptode may be considered as forming an octode, but with the essential
difference that the signal grid is the innermost grid, a modification that
permits the valve to oscillate readily at relatively high frequencies ; thus,
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with careful design, it can be used for frequency changing up to 60 mcs.
(5 metres) or perhaps even a little higher.  Unfortunately certain
manufacturers market a pentagrid valve under the name of heptode ;
consequently, when a valve is described as a heptode, some doubt must
necessarily arise regarding the exact function that it is intended to
perform.  As will be seen later the position is still further confused by the
nomenclature adopted for certain other types.

Triode Heptode.—So far the valves described have been types that may
be considered as single structures; at least from the mechanical aspect.
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Fig. 123.—Basic circuit of a heptode mixer-valve with separate triode oscillator.

The triode heptode serves to introduce a class of valve that is becoming
increasingly popular, and comprises two mechanically distinct assemblies
mounted in one bulb. The external appearance of the electrode assembly
of a triode heptode is shown at Fig. 124. The example chosen is arranged
with the assemblies mounted one above the other, the lower being the
triode section, which is separated by a screen from the upper section,
which is purely and simply a heptode. No electrical connection exists
between the two, with the exception of an internal connection between
the oscillator grid and grid 3 of the heptode. This connection may be
seen by reference to Fig. 125; the cathodes are of course connected
together, but, as these may be regarded as zero potential in respect to all
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other electrodes, this connection will not influence the relationship between
the two valves. It is interesting to note that some manufacturers mount
the two assemblies side by side when a high value of mutual conductance
is required from the triode, since this arrangement lends itself to increasing
the dimension of the latter section. Fig. 125 shows the basic circuit of a
triode heptode frequency-changing stage,and
it can be seen by comparing it with the
circuit at Fig. 123 that there is no basic
difference between these two circuits. The
only difference is a practical one, inasmuch
as the valve under discussion incorporates
the two necessary valve assemblies in a
single bulb. This arrangement is slightly
advantageous when working at very high
frequencies, due to the shortness of the lead
coupling the two valves together. Bearing
in mind that an electron cloud will form
between grids 2 and 3, it is possible to
visualise this valve as behaving like a pen-
= tode: consequently the damping of the anode
e 6 circuit is relatively low.
= B Triode Hexode.—The triode hexode is
21 exactly similar to the triode heptode, except
= that it does not employ a suppressor grid;
consequently the damping of the anode
circuit is somewhat higher. Generally speak-
ing, the term triode hexode is reserved for
v this type of valve, which has four grids in the
gl i hexode section. Unfortunately at least one
\» / manufacturer has seen fit to include a sup-
w/ pressor grid, but retained the term hexode,
/Z.;\\ %\ whereas the valve should, strictly speaking,
= = be designated heptode. Fortunately the
Fig. 124.—The electrode assembly of Mmethod of using both valves is precisely
a typical triode heptode; thelower gimjlar, and thz pin connections are the
section is the triode, while the upper
section is the heptode, with anode Same, Nevertheless such reversal of nomen-
partly cut away to show the outer  clature is unfortunate.
sereeaing gnc Triode Pentode.—It will be noted that the
frequency-changing valves so far described have utilised direct metallic
connection between the oscillator and the mixer. The triode pentode,
however, differs radically from this arrangement, and the method of using
it is fundamentally different. The basic circuit for using the triode pentode
isshown at Fig. 126. It will be observed that the valve comprises a normal
screened pentode and a normal triode; the aerial circuit is arranged to
produce potential difference between the inner or control grid and the
cathode ; the screening grid is taken to a source of positive potential, and
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the suppressor grid is normally connected to cathode. This connection is
not made internally, but the suppressor gridis brought out toa separate pin,
permitting an alternative connection to be made. The triode section is
arranged to work in a somewhat unusual manner—the anode circuit is not
coupled to the grid circuit —the grid being taken to a point at zero potential
through a resistance which is associated with a condenser to provide
grid bias, due to the potential set up across the resistance when grid current
flows. The anode circuit incorporates a tuned inductance which is coupled
to an inductance in the cathode lead. This will cause the valve to oscillate,
and, since both cathodes are common, the variation in cathode potential
will be imparted to
the pentode section.

In this way the anode
current of the pentode (
will be controlled by
both the oscillator ‘
valve and the poten- |
tial applied to the l

—

control grid, thus pro-
ducing the two beat
notes in the anode
circuit in a manner |
similar to that already |
described. [

The coupling of the '
anode circuit to the §>
cathode circuit as a _é __J
!

T

means of producing

oscillation is so un- 1
usual that some ex- 2
planation is called for. B ] _
It has been explained
in an earlier chapter
that the anode current Fig. 125.—A basic circuit usﬁng a triode heptode for frequency

of a valve may be ceneE

controlled by the difference in potential between grid and cathode, the
conventional interpretation being to hold the cathode at a fixed potential
and vary the grid in respect to it. The arrangement at Fig. 126 is an
exact reversal of the conventional arrangement, since the grid is held at
a fixed potential and the cathode potential varied in respect to the grid.
In either case variation is achieved between grid and cathode, and the
valve will oscillate.

It is doubtful whether the triode pentode has any advantage that
would suggest its selection in preference to the triode heptode, although
its efficiency may be improved by the use of a relatively complicated
circuit which uses both cathode and suppressor-grid injection. The
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arrangement has, however, found favour with some designers, which
alone is sufficient to justify its inclusion in this brief survey of frequency-
changing valves. i
Conversion Conductance.—When considering the performance of
frequency-changing valves it is necessary to find some factor for measuring
performance, since mutual conductance does not give the information
required. It will be appreciated that the mutual conductance of a fre-
quency changer would be a measure of the control of any one grid over
anode current ; the performance of a frequency changer is determined
by the characteristics of the signal section and the oscillator section, and is
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Fig, 126, —Basic circuit of a triode pentode frequency changer. That shown is an indirectly heated
valve, Considerable modification is necessary when using a battery type.
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measuredintermsof conversion conductance. Conversion conductance may
be defined as the factor of merit of a frequency-changing valve. It isdefined
as the rate of change of intermediate-frequency current brought about
by a change of alternating signal voltage applied to the signal grid, and is
expressed as milliamps per volt (ma/V). Since conversion conductance is
partly dependent upon the behaviour of the oscillator section, it is not
surprising that this section must be controlled if maximum results are to
be obtained ; in other words, the circuit must be so arranged that the
oscillator grid swing is maintained at an optimum value.

Fig. 127 shows a curve plotted to show the conversion conductance
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obtained from a typical pentagrid when various oscillator voltages are
employed ; the voltage developed by the oscillator section of a frequency
changer is usually called the heterodyne voltage. Reference to Fig. 127
will show that efficiency is greatly diminished if the heterodyne voltage is
permitted to fall below about 6 volts, though an increase of heterodyne
voltage brings about a negligible increase. The valve in question should
therefore be worked at about g volts R.M.S., which will ensure high con-
version conductance with a reasonable safety margin. Excessive hetero-
dyne voltage should be avoided, since it is likely to bring about an increase
in the harmonic content of the anode current, which may beat with other
frequencies and produce whistles. In practice, care is required so to
design the oscillator circuit that the heterodyne voltage will remain
constant within reason- »
able limits over all
sections of the wave-
bands to be covered.

The suggested value
of g volts for the valve
portrayed at Fig. 127
will permit of some
variation without
bringing about a notice-
able change in conver-
sion conductance.

The previous chapter
outlined the principle ‘ R
of the superheterodyne, 0 z 4 s 0

and after this introduc- HETERODYNE VOLTAGE R.M.8.

tion to the basic types Fig. 127.—Curve showing the effect of heterodyne voltage (oscillator
£ 1 : 1 output) on the conversion conductance of the frequency-changing
o1 valves 1n genera stage. The actual valve used to plot this curve was an indirectly

use it 1is p0551b1e to heated triode hexode.
devote the next chapter to a detailed consideration of the finer points
governing the design and behaviour of the superheterodyne receiver.
Background Noise.—Several references have been made to back-
ground noise due to random variation of the emission from the cathode
or filament ; this effect is particularly apparent in the frequency
changer. The high level of valve noise in this stage is largely due to the
design of the valve and some attempt has been made to lessen the
effect by careful attention to valve geometry. There is, however, a
way of reducing valve noise in this stage by using a high-frequency
amplifier in front of it. As already stated, valve noise reaches a
relatively high level in the frequency-changing valve, but it is practically
unaffected by the amplitude of the incoming signal. The effect of valve
noise on reproduction can only be measured in terms of the signal to
noise ratio. Since the amplitude of valve noise is sensibly constant, it is
apparent that the signal to noise ratio can be improved by increasing

15 . ' 1
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134 FREQUENCY-CHANGING VALVES

signal amplitude, which can be most easily accomplished by the use of a
high-frequency amplifier in front of the frequency changer.

The high-frequency amplifier will contribute to the level of general
valve noise, but the signal to noise ratio of this stage is very much more
favourable than that obtaining in the frequency-changing stage; con-
sequently its use brings about an improvement in the over-all noise-level.
In order to avoid confusion the stage in front of the frequency-changing
stage is often referred to as a radio-frequency amplifier.



CHAPTER 18

DESIGN OF THE SUPERHETERODYNE

THE preceding two chapters have served to introduce the principle of
the superheterodyne and valves peculiar to frequency changing. It

might be thought from
the brief outline given
that the superhetero-
dyne is simplicityitself
and the ideal solution
to many of the pro-
blems of modern
radio. Actually, this
type of circuit is prone
to a number of diffi-
culties, the minimisa-
tion of which calls for
special care. It is un-
doubtedly the only
known solution to the
congested state of the
broadcast waveband,
and the best modern
interpretation of this
type of receiver indi-
cates that the early
drawbackshavealmost
entirely disappeared.
In all probability the
average reader of this
book has an incom-
plete idea of the
astonishing difference
in the number and
power of stations oper-
ating to-day compared
to those of, say, 1928.
To give some mental
picture of the great
change that has come

R.T. I—IO

«10kW_,

h l]’ll"Illl'””[““llll“ll lllllllhnmlll pe el v L e
600 k.cs. 1500
Fig. 128.—The number and power of European broadcasting stations

working in 1928. Height of lines represent power, and position
in the horizontal direction shows frequency.

150 kW.

| |“l
(Ll | l InlllllliL

600 - kes. 1500

Fig. 129.—This diagram was prepared in exactly the same way as
Fig. 128, but shows the situation to-day; a few stations actually
are powered at 300 and even 500 kW and some have been
omitted as they are too close to be drawn as separate lines, one
line may represent as many as a dozen stations all working on
the same wavelength.
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about a diagrammatic representation is shown in Fig. 128 and Fig. 129
respectively. Fig. 128 shows the number and power of stations operating
in 1928; each line represents a station, the length of the line indicating
the power in kilowatts in accordance with the scale shown. Fig. 129
shows the number and power of stations operating at the present time.
Purely as a matter of interest it may be noted that the total number of
kilowatts radiated when all stations as shown at Fig. 128 are working
amounts to about 142 kW, while the same figure derived from Fig. 129
amounts to about 20,000 ignoring all under 10 kW.

The above brief statement of the position has shown the task that a
modern receiver is expected to perform, and attention may now be devoted
to consideration of the various aspects of the superheterodyne, the
difficulties that must be overcome, and various other relevant details.

Adjacent-channel Selectivity.—Questions governing consideration of
selectivity can be divided into two classes. Adjacent-channel inter-
ference and second-channel interference. It will be convenient to consider
the former first. Adjacent-channel selectivity may be defined as the
ability of the receiver to eliminate interference from stations working
immediately above and below the station that it is desired to receive.
If the wanted station is working at a trequency of 1,000 kcs. per
second, it may well have stations working at frequencies of 991 and
1,009 kcs., respectively, as possible sources of interference. Assuming
the intermediate frequency to be 465 kcs. per second, the oscillator
frequency will usually be 1,465 kcs. per second when receiving a station
working at a freqency of 1,000 kcs. ; this frequency, beating with the
three signal frequencies mentioned above, will produce the following
frequencies in the anode circuit: 465 kcs. per second—the wanted
frequency ; and 474 and 456 kcs. per second—the unwanted frequencies.
It is therefore apparent that the intermediate-frequency amplifier must
be capable of attenuating the unwanted frequencies to such an extent
that they will be inaudible. It should be noted that the wanted
station may be received at a strength inferior to the unwanted stations.
The aerial coupling may be expected to make some contribution
towards the necessary attenuation of the unwanted station, but the
major selectivity must be provided in the intermediate-frequency
amplifier, which must employ the requisite number of tuned circuits.
These will normally be of the bandpass type, and, since they will work
at a fixed frequency, considerable scope is offered to the designer to
produce a series of coils, the total response of which will show some
close approach to the ideal bandpass curve, which, it will be remembered,
has a flat top and vertical sides.

The high selectivity necessary in the intermediate-frequency amplifier
must result in a considerable loss of the high audio-frequencies, but,
fortunately, a certain amount of ‘“faking " is possible—to ‘“replace ”’ this
loss. Fig. 130 shows an oscillograph of the combined high- and inter-
mediate-frequency response-curve of a modern superheterodyne employ-
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ing bandpass aerial coupling and two over-coupled bandpass transformers
in the intermediate-frequency amplifier. This curve represents a fairly
serious loss of top, since the width at half the height is equal to a band
width of 7 kcs. per second.
Nevertheless, with the aid
of a certain amount of
“faking ”’ introduced into
the latter end of the re-
ceiver, the quality of repro-
duction can be made equal
to that obtained from the
average commercial super-
heterodyne. This is perhaps
a rather loose method of ex-
pression, but it is one which
readily conveys the type of
intermediate-frequency re-
sponse-curve that can be
tolerated on the grounds of
quality.

Second-channel  Selec-
tivity.—It will be remem-
bered that two beat notes are produced, being the sum of and the
difference between the oscillator and signal frequency. Using once again
1,000 kcs. per second for the wanted station, and 1,465 kcs. per second for
the oscillator, it will be possible to explore the possibilities of second-channel
interference. As an introduction, suppose that there is a station working
on 1,028 kcs. per second, and that the aerial tuning is so flat that it
permits a measurable potential to be developed across the grid-cathode
circuit of the frequency changer. It will be remembered that the
difference between a signal frequency and the cscillator frequency will
produce a beat note. The difference between 1,928 and 1,465 is 463 kcs.
per second ; thus we have a beat note appearing having a frequency of
463 kcs. per second, which will appear as an interfering frequency to the
465 intermediate frequency, and give rise to a whistle, the frequency of
which will once again be the difference, or 2,000 cycles per second.

A tuned circuit must necessarily be extremely inefficient to permit
a transmission on a frequency of 1,928 kcs. per second to interfere with
the station working at a frequency of 1,000 kcs. per second, but a very
different state of affairs exists if a lower intermediate frequency is used.
For example, if 128 kcs. per second is chosen for the intermediate fre-
quency, it is apparent that similar interference will arise from a station
working on a frequency of 1,591 kcs. per second when the receiver is
tuned to a station working on a frequency of 1,000 kcs. per second, and
it is well within the bounds of possibility for such interference to be
caused when using a single tuned circuit in the aerial coupling. It will

Fig. 130,—The combined high-and intermediate-frequency
response-curve of a modern superheterodyne,



138 DESIGN OF THE SUPERHETERODYNE

be remembered that the selectivity of a single tuned circuit is very low,
and is made even lower by the damping imposed by the aerial system,
since it is quite impracticable to use any form of reaction to off-set this
damping.

[t is apparent from the above two examples that the selectivity of the
aerial coupling, or, if a stage of high-frequency amplification is used, the
selectivity of the stage, must be capable of adequately eliminating those
frequencies which can give rise to second-channel interference. It is
equally apparent that a relatively high intermediate frequency calls for
less selectivity in the aerial coupling. For this reason 465 kcs. per second
has become almost standard in this country ; the advantage of a lower
intermediate frequency is the ability to produce higher stage gain per
valve in the intermediate-frequency amplifier, but this advantage is off-set
by the necessity for high selectivity in the aerial coupling. The position
can perhaps be summarised by saying that a minimum of two tuned
circuits is necessary in front of the frequency changer when the inter-
mediate frequency is about 128 kcs., while one tuned circuit can be made
to suffice if the intermediate frequency is about 465 kcs. per second.

The possibility of using some frequency between 128 and 465 kcs. may
perhaps have occurred to the reader, but such a choice is impracticable,
since these frequencies are those associated with the long wavebands,
and difficulty will arise due to the grid circuit of the frequency changer
being tuned to a frequency close to the intermediate frequency, and
under this condition the valve is liable to oscillate. In addition, there is
danger of the intermediate-frequency wiring picking up interference direct
from a powerful long-wave broadcasting station. Another disadvantage -
of using intermediate frequencies between 128 and 465 kcs. per second
will manifest itself in a comparatively large number of whistles arising
from oscillator harmonics beating with various powerful broadcasting
stations. Second-channel interference is sometimes called image inter-
ference.

Sideband Splash.—When using a superheterodyne receiver having a
reasonably good audio response-curve adjacent-channel interference may
appear in the form of strange noises intermittently accompanying the
required programme. These noises often resemble the sound that might
be expected when hearing a strange language by way of a very crude
telephone. This interference is usually termed sideband splash, though
the Americans refer to it rather aptly as ““ monkey chatter.” It is caused
by the high audio-frequencies of the station working on the adjacent
channel encroaching on the band width passed by the intermediate-
frequency amplifier. It will be realised that this phenomenon is difficult
to avoid when the adjacent-channel signal is received at a strength
comparable with the wanted signal, when it is remembered that the
majority of stations are spaced from their neighbours by 9 kcs. per
second, and are modulated to about 7 kcs. each side of the fundamental
frequency, giving a definite overlap between those frequencies above
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4°5 kcs. per second (4,500 cycles per second)—an audio-frequency that is
just above the top note of the piano and comfortably within the harmonic
range required for the true reproduction of music.

Variable Selectivity.—It has been implied that sideband splash will
be apparent if the intermediate-frequency amplifier has a band width
that is sufficient to allow a reasonably good quality of reproduction ; it
is necessary that such high selectivity be employed if it is desired to
receive those stations that have powerful stations working on adjacent
channels. On the other hand, it seems unreasonable to spoil the quality
of reproduction on all stations in the interests of receiving a few, free
from sideband splash. Unless a compromise is to be effected, it is apparent
that the band width of the intermediate-frequency amplifier must be
varied at will by
some suitable control. 7
Variable selectivity in
the intermediate-
frequency amplifier is
often referred to as
variable band width
or variable band
spread, and can be
accomplished in a
number of ways; the
simplest method is to
make provision for
varying the coupling
between the coils
comprising the first
intermediate-fre-
quency transformer.
This method has the Fig. 131.—A method of obtaining two band widths.
advantage of simpli-
city from the mechanical point of view, but is difficult to accomplish
successfully from the electrical point of view, since variation of coupling
will inevitably cause a variation in the resonance frequency of the circuit
so that adjustment of band width is accompanied by mis-tuning. With
care, however, such arrangements can be used without the mis-tuning
becoming objectionable, providing such mis-tuning occurs when the band
width is broadened, and not when it is narrowed.

An alternative method of obtaining variable selectivity is shown at
Fig. 131, which is an arrangement permitting two alternative band
widths to be obtained by means of a switch ; the primary and secondary
coils are coupled to an extent that will give a band width equal to the
average band width of the alternatives. In addition, extra coupling is
provided by means of a small coil in series with the secondary and closely
coupled with the primary. By means of the selectivity switch the small
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coil may be made to increase or diminish the coupling, thus giving the
choice of band width; by suitably proportioning and spacing the small
coil and the primary coil very little mis-tuning is introduced.

Before leaving the question of variable band-width control some men-
tion may be made of the simplest possible form, which entails the use of
a variable resistance across the primary or secondary. While this
arrangement certainly gives variation of selectivity, it cannot be recom-
mended, since it affects the gain to an intolerable extent, and also intro-
duces considerable mis-tuning.

Ganging the Oscillator.—Every modern commercially built super-
heterodyne receiver is tuned by rotation of a single knob, and it is neces-
sary, therefore, to find means of keeping the oscillator circuit spaced from
the signal circuit by the intermediate frequency; it has already been
mentioned that the oscillator may be less than, or in excess of, the signal
frequency by an amount equal to the intermediate frequency, and that the
latter alternative is invariably chosen. Another reason for this is apparent
when the alternatives are considered. Assume that the receiver is
required to tune from 200—550 metres (1,500 to 545 kcs. per second).
If the intermediate frequency is 465 kcs. per second, then the oscillator
circuit must tune from 1,965—1,010 kcs. per second, which is a ratio of
I'g: I approximately. If the oscillator frequency is to be less than the
signal frequency the ratio is approximately 30:1, which is impossible,
since it will be recalled from an earlier chapter that careful design is
required to enable a tuned circuit to have a maximum to minimum
frequency ratio of g:1. If a lower intermediate frequency is used, the
difference in ratio between the alternative oscillator frequencies is some-
what diminished, but the difference is nevertheless somewhat formidable.

When a figure is decided upon for the intermediate frequency, means
must be found for ensuring that the oscillator circuit will differ in fre-
quency by this amount from the signal-frequency circuit, which is not as
simple as might be supposed, since no relationship of inductance or
maximum condenser capacity will keep these circuits at their correct
relationship over the signal-frequency bands to be covered. One method
of accomplishing the required relationship is to utilise a special oscillator
condenser, the vanes of which are so shaped that the required change of
capacity is obtained at any setting of the condenser. This method i
entirely satisfactory and is in general use, but unfortunately it can only
hold good for any one waveband, since a change of the associated induc-
tance necessitates a change in shape of the condenser vanes, and recourse
must be made to the system of padding for the second and subsequent
wavebands used; in order to avoid serious complications the vanes are
shaped to give the necessary effect when working on the highest frequency
band incorporated in the receiver, and the lower;frequency band or bands
are corrected by means of padding.

It will be convenient to deal first of all with circuits that do not use
a specially shaped condenser and use, therefore, padding on all wavebanT
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A moment’s reflection will show that the use of fixed capacity can be made
to correct the frequency at minimum and maximum, that is to say, a
fixed condenser in parallel with the variable condenser can correct the
minimum capacity of the circuit, or, alternatively, a fixed condenser can
be placed in series with either the variable condenser or the coil to correct
the maximum capacity. These alternatives, however, will result in
deviation from the desired frequency at the middle of the scale ; recourse
is made, therefore, to a carefully chosen combination of the two, which
results in the relationship between the signal and oscillator circuits being
very satisfactorily maintained over each waveband. In practice, the
fixed series condenser is invariably placed in series with the coil, since a
different value will be required for each of the frequency bands covered
by the receiver, and the requisite condenser can be brought into circuit
without any additional complication to switching. The relationship
between the signal and oscillator circuits is called tracking ; the series
condenser above referred to is called the padding condenser and is usually,
although not necessarily, of the pre-set type, to permit of adjustment when
the receiver is manufactured ; the small parallel capacity above referred
to is called the trimming condenser, and is invariably of the pre-set type,
for similar reasons.

The correct values of padding and trimming condensers and the
inductance with which they should be associated are left to a later chapter,
since these can be more readily discussed when a complete superheterodyne
receiver circuit is considered in detail. When the oscillator and signal-
frequency condensers have similarly shaped vanes, padding and trimming
condensers will normally be used on all wavebands. When a shaped
vane condenser is used to correct the highest frequency band in use, the
auxiliary pre-set condensers will be required on the other band, or bands,
and their capacity will necessarily require some modification.

The Intermediate-frequency Amplifier.—The superheterodyne re-
ceiver need not necessarily include an intermediate-frequency amplifier,
in fact there are a number of commercially built receivers which are so
designed. The superheterodyne principle is used solely to obtain
additional selectivity, no extra amplification being sought. In such
arrangements the detector is usually provided with reaction as a means
of obtaining sufficient sensitivity for normal purposes. When it is
required to design a receiver having a high degree of selectivity, and em-
ploying only three valves, this arrangement has much to commend it, and
its performance may be considered entirely satisfactory as long as it is
visualised as a highly selective three-valve set rather than as a super-
heterodyne ; such a circuit is described in detail in a later chapter.

The intermediate-frequency amplifier usually employs a single valve,
although two are sometimes used in battery receivers, owing to the lower
mutual conductance of battery valves; there are examples of mains
receivers using two, or even three stages of intermediate-frequency
amplification, but these are rare. Fig. 132 shows the circuit of a typical
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intermediate-frequency amplifier from the anode of the frequency-changing
valve to the anode of the detector. It will be observed that four tuned
circuits are introduced, and consequently a high degree of selectivity may
be expected. The response-curve of such an amplifier may be seen from
the illustration at Fig. 134, which is an oscillograph taken from a commercial
superheterodyne receiver using an indirectly heated mains valve of the
screened-pentode type and bandpass intermediate-frequency trans-
formers over-coupled to give the desired response-curve. It should be
understood that Fig. 134 shows the response-curve of the intermediate-
frequency amplifier only. Fig. 130 shows the response-curve of the same
receiver from the aerial coupling to the detector, and includes, therefore,
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Fig. 132.—A complete circuit of an intermediate-frequency amplifier. The dotted arrows indicate
that the associated condensers are of the variable pre-set type. The resistance shown on the
right forms the diode load.

the selectivity of the aerial coupling, which is also of the bandpass type.
When recording Fig. 130 the receiver was deliberately tuned to a point
where the response-curve of the aerial circuit left something to be desired,
and it is intended to illustrate that in practice it is virtually impossible to
preserve the ganging of variably tuned circuits so that the response-curve
is constant at all frequencies.

Fig. 133 was obtained by incorrectly adjusting the trimming condensers
across the intermediate-frequency transformers. Actually, the two
primaries were correctly tuned, but the secondaries were sufficiently off
tune to render completely absent the bandpass characteristics that are
apparent in Fig. 134. It should be understood that in this condition the
sensitivity of the receiver remained normal, and quality alone suffered.
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Fig. 135 shows the condition where the secondaries were slightly off tune
and have produced a second hump, but of insufficient amplitude to cause

A

Fig. 133.—The response-curve ot an over-coupled Fig. 134.—The intermediate-frequency response-
bandpass intermediate-frequency transformer. curve using two tuned intermediate-frequency
To obtain this illustration the secondaries were transformers slightly over-coupled.

so badly mis-tuned that the bandpass charac-
teristics have been lost.

the merging of the two humps to produce the desired shape of response-
curve. Examination of Fig. 134 will show that the top of the curve
dips somewhat in the middle,
which indicates that the coils
are over-coupled, resulting

in accentuation of the higher
frequencies and some at-
tenuation of the middle and
low frequencies.

When coils are so coupled
that the characteristic band-
pass dip is barely apparent,
the coils are said to be
critically coupled. Coupling
that is less than critical
coupling will result in the
response-curve taking the

form of a single peak; this
conditicn is illustrated at

Flg I33. Fig. 135.—A response-curve taken from the same inter-

. . 3 mediate-frequency amplifier as that used for taking
It is sometimes convenient Fig. 134, but with the secondary of the first transformer

to couple deliberately the slighly mis-tuned.
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intermediate-frequency transformers tighter than critical coupling with a
view to accentuating the higher audio-frequencies ; this allows the aerial
coupling to be sharply tuned,and the frequencycharacteristics of theonecan
be made to compensate for the frequency characteristics of the other,so that
the total response-curve of the receiver is not intolerable. As an alterna-
tive arrangement, it is possible to introduce deliberately three entirely
different response-curves for the aerial and the two intermediate-frequency
transformers. The usual procedure adopted utilises sharply tuned aerial
and first intermediate-frequency coils to obtain the maximum possible'
selectivity in the earlier stages, and to correct the audio-frequency response,
of the complete receiver by using a very much over-coupled transformer
in the second position. This arrangement is employed partly with a view
to giving special characteristics to the primary circuit of the second
intermediate-frequency transformer in order to provide means of avoiding
the unpleasant sound that may arise when a superheterodyne is being
tuned from one station to the next, since this arrangement entails a special
automatic volume-control circuit. Further reference will be made when'
this principle is dealt with in Chapter 27. i

The tuned transformer has been referred to exclusively as the means of
coupling the intermediate-frequency amplifier; transformer coupling
has everything to commend it, but it is nevertheless possible to employ
tuned anode coupling, and, in fact, this alternative is often adopted for
receivers designed to operate only on the short wavebands. All things
being equal, the tuned anode coupling will give greater stage gain but
impaired quality of reproduction, a compromise that is sometimes pre-'
ferred on the grounds that good quality is unobtainable on the short
waves, and that no useful purpose is served by sacrificing gain in order
to achieve the impossible. Such philosophy is to be greatly deprecated,
since quite good quality can be obtained on these wavebands, and, in fact,
many commercial receivers are capable of giving very excellent reproduc-
tion from short-wave broadcasting stations. Admittedly reception of far-
distant stations is often rendered horrible by atmospherics, but it seems
unreasonable to permit the reception of these distant stations to dominate
the design of the receiver when excellent entertainment is available on
these wavebands from many Continental transmitters.

It is obviously impossible to design a single-tuned anode coupling to
have bandpass characteristics, particularly when high magnification will
be required in the interests of sensitivity. It is, however, possible to
design the amplifier as a whole so that it has a response-curve which
approaches that illustrated at Fig. 134. This feat is accomplished by
tuning the first and second intermediate-frequency tuned anode coils to
slightly different frequencies, usually 463 and 467 kcs. per second, respec-
tively, or 126 and 130 kcs. per second, respectively, according to the inter-
mediate frequencyused. This arrangement givesan intermediate-frequency
response-curve o%l the double-hump type, which, when associated with a
sharply tuned aerial coupling, gives quite tolerable quality of reproduction.
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It is well within the bounds of possibility to use staggered intermediate
frequencies for transformer coupling, the principle involved being exactly
the same as that outlined above for tuned anode coupling, the only
difference being that the tuned anode coils are replaced by tuned trans-
formers, which are designed or adjusted so that their response-curves
approximate to the shape shown at Fig. 134. No useful purpose is
served, however, other than some small increase in gain and a trifling
reduction in cost, since the manufacturing tolerances permitted for coil
inductance are not so stringent as those necessary for coils intended for
bandpass coupling.

Certain American receivers use intermediate-frequency transformers
comprising  three  tuned
circuits; there is at least
one example of this arrange-
ment to be found amongst
receivers of British manu- b
facture. However, it is not
likely to become a general

% ; l
favourite in this country, —
since it is a means of obtain-
ing a little extra selectivity
at the expense of a relatively

—_

1Ty

Ry

large reduction of quality. =
Although the broadcasting
band is terribly congested
from the point of view of
reception in this country, it
is not as bad as the state of
affairs obtaining in America,
conseguently the L Fig. 136.—A triple-tuned circuit intermediate-

mal intermediate-frequency frequency coupling.

transformer employing two

tuned circuits may be designed to give adequate selectivity for reception
in this country.

A short description of the triple-tuned intermediate-frequency trans-
former is given below, partly for the sake ol completeness, and partly
because it is finding favour in this country for use in receivers designed for
commercial and other radio-telephony. The circuit is given at Fig. 136,
from which it may be seen that the arrangement is quite normal, with the
exception that an additional tuned circuit is included, which, it will be
observed, has no metallic connection with the receiver, except that one
side is earthed to give a measure of stability. Irom the purely theoretical
standpoint this connection may be omitted.

The functioning of the triple-tuned intermediate-frequency transformer
is dependent upon its construction. The three coils are arranged on a
common former with the extra coil in the middle, and are so spaced that
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the direct coupling existing between the primary and secondary is fairly
small, the major portion of the coupling being due to the mutual coupling
existing between the primary and secondary with the middle coil. It will
be remembered that damping of the secondary of a transformer is trans-
ferred to the primary, and vice versa, to an extent dependent on ratio and
coupling ; the presence of the middle coil reduces this transference of
damping, which, together with the inherent selective properties of the
third tuned circuit, brings about a'
marked increase of selectivity.
Whistle Suppression.—Whistles
often appear on the long waveband
of a superheterodyne receiver, due
to stations on the medium wave-
band which are not effectively
rejected by the aerial coupling,
owing to certain of the former being
harmonics of certain frequencies on
the long waveband. This pheno-
menon appears as a whistle
interfering with the reception of a
long-wave station, due to inter-
ference from a medium-wave station
in the manner described. To over-
come this trouble the arrangement
shown at Fig. 137 is often used.
It consists of a small high-frequency
choke in the aerial lead, which is
designed so that it offers as little
impedance as possible to frequencies
on the long waveband, but as much
impedance as possible to frequencies
on the medium waveband. It is,
of course, necessary to arrange for
this choke to be short-circuited, or
Fig. 137.—Input coupling using a choke in the T Sl ways put Ol%t of circuit
& aesx:lza.ﬂ leag to sugpregss whigstles on the long when receiving medium waves.
waveband. This device is unnecessary when
using bandpass coupling, or when
using a stage of high-frequency amplification in front of the frequency
changer, but its incorporation is desirable when only one tuned circuit
precedes the frequency changer. !
Signal to Noise Ratio.—The reception of distant stations must
unavoidably be accompanied by at least some background noise, which
can be conveniently classed under two headings : noise picked up by the
aerial, and valve hiss. It will be convenient to deal with the former first.
The amount of noise picked up by the aerial cannot be considered in terms

1l
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of the actual voltage developed across the aerial coil from this source,
since the actual amount of noise which will appear as a background to the
programme received must necessarily be considered in terms of its volume
relative to the required programme. It is thus usual to refer to the signal
to noise ratio, which is the relative amplitude of the one to the other.
It might be thought that the signal to noise ratio would invariably be the
actual ratio of energy picked up by the aerial. This is not so, as noise
will be generated by the receiver itself, and by the frequency-changer
valve in particular which introduces more noise for a given stage gain
than any other valve. Bearing this in mind it will not be surprising that
improvement can be effected by introducing a stage of ordinary tuned
high-frequency amplification in front of the frequency changer, and there-
by reducing the intermediate frequency amplifier gain necessary for a
given overall stage gain. The introduction of the high-frequency
amplifier will have other beneficial effects, notably the elimination of
second-channel interference.

Valve Hiss.—Valve hiss, which is sometimes called valve noise, is due
to a phenomenon known as the Schrot effect, which may be described as
the inherent property of a filament or cathode to give small instantaneous
variations of emission which cannot be controlled by any outside influence.
The noise caused by this effect tends to be constant irrespective of the
amplitude of the received signal and, furthermore, the noise introduced
in the frequency changer is more marked than in any other portion of the
circuit. When the frequency-changing valve is the first valve in the
receiver, the ratio between the incoming signal and valve hiss will tend to
be unfavourable, and this ratio will be preserved after they have both
been duly amplified by the various following stages. If a stage of high-
frequency amplification precedes the frequency changer, it follows that
the signal delivered to the frequency changer will be proportionately
larger, and amplification following the frequency changer proportion-
ately smaller, and a corresponding gain in signal to noise ratio is thereby
obtained. Admittedly the high-frequency amplifier will add its quota of
noise, but this will be less than that of a frequency changer, with the
result that the improvement is still maintained, and, as already intimated,
a gain in selectivity is achieved.

Background noise will appear as a combination of noise picked up by
the aerial and valve hiss, and in the interests of the over-all reduction of
this unwanted noise it is desirable that the first valve should give
maximum amplification, and that the subsequent valves should give the
gain required to raise the signal to the required volume-level. This
suggests that the first valve should work at the maximum gain and that
the remaining predetector valves should be provided with volume control.
Unfortunately this is impracticable on the medium and long wavebands,
as many stations would be received at strength sufficient to overload the
first valve when working under conditions appropriate for maximum gain.
It is, however, possible to permit the first valve to function at maximum
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gain on the short waveband, where it is unusual to receive signals capable
of overloading a high-frequency pentode valve in the first stage. A
compromise is usually effected by applying volume control to all pre-
detector valves on medium and long waves, but so arranging the wave-
band switching that volume control is omitted on the first valve when

receiving short waves.

|



CHAPTER 19
PRACTICAL COIL DESIGN

ANY casual observer who has had occasion to notice the coils used in
modern radio receivers may have quite reascnably formed the opinion
that there are no rules governing their construction and that their shape
is determined by spinning a coin or by mere personal preference.
Actually, coil design is probably the most exacting section of a modern
receiver. The almost bewildering variation in outward form is due partly
to the diverse purposes which coils are employed to fulfil, and also because
there are sometimes alternative ways of performing a task ecually well.

Mechanical Consideration.—In the majority of cases a coil will form
part of a tuned circuit, and consequently it must fulfil certain rigid
mechanical requirements in order that its inductance will not change
during its period of service due to such a cause as vibration. The first
consideration is rigidity, which means that every turn of wire must be
held in such a manner that movement is impossible. The obvious method
to this end is the complete immersion of the coil in some adhesive material,
but such a procedure is rightly frowned upon, since it will increase the
losses inherent in the coil by increasing the capacity between the turns ;
it will be recalled from earlier chapters that the presence of insulating
material between conductors increases the capacity to a greater or lesser
extent. Rigidity is usually obtained by using coils that are inherently
strong. A number of examples are detailed below.

Coils which form part of a tuned circuit must be protected from the
effects of humidity and dampness, since moisture permeating the in-
sulated covering will cause leakage in addition to other dangers, such as
corrosion. The coil is invariably supported on some former which is
usually of the laminated paper type, made in the form of a tube, and
protected against damp by means of varnish or wax. These substances
often contain chemicals which are capable of doing serious damage if they
become dissolved in moisture lying on the wire due to atmospheric
conditions. The chemical may be harmless in itself, but when a minute
electric current is passed through it electrolysis takes place, which is
capable of eating through fine copper wire, even though it may take a
term of months to reach the point where the wire becomes electrically
severed. A few years ago the great bugbear of transformer and coil
manufacturers was free chemical impurities in insulating material.
Research has done much to minimise this danger, and materials are avail-
able from reputable manufacturers which may be classed as entirely
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safe. Nevertheless, when opening up a defective coil for the purpose of
examination, it is found all too frequently that the broken wire is accom-
panied by a tiny speck of green, showing that the cause of failure may be
attributed to chemical causes, due, not necessarily to unsuitable insulating
material, but possibly to a minute splash of soldering fluxfor any foreign
matter with which the wire may have come into contact.

The actual wire used for coil winding may be covered with enamel,
silk, cotton, or any two of these substances. Enamelled wire has the
great advantage that it offers protection from corrosion, but has the
disadvantage that it is thin, resulting in turns being spaced too close
together, a difficulty that is aggravated by the comparatively high
dielectric constant of enamel. When expense does not prohibit its use,
silk-covered wire has much to commend it, either one or two layers being
used, spun in opposite directions. Cotton-covered wire has the advantage
of cheapness, but the unavoidable thickness of the covering takes the wire
to the other extreme and makes the coil bulky, and by preventing the
turns from being sufficiently near to each other may result in loss of
efficiency ; from these apparently contradictory remarks the reader will
have gathered that there is an optimum spacing between turns which must
be observed when designing highly efficient coils. A compromise is
sometimes effected by combining silk and enamel, the wire being coated
first of all with enamel, which 1s in turn covered with a layer of silk,
Single and double cotton-covered wire is known as S.C.C. and D.C.C.
wire respectively, while single and double silk-covered wire are abbreviated
as S.5.C. and D.S.C. respectively.

Litzendraht Wire.—The actual wire used for coils is made from high-
conductivity copper or, in plain English, soft copper having an adequate
degree of purity, since in this condition the metal has the lowest possible
resistance per unit area. It should be noted, however, that the resistance
offered by a wire is greater to high-frequency currents than to direct
currents, due to the phenomenon called skin effect. This effect may be
readily understood when it is remembered that current flowing through a
wire produces lines of magnetic force in and around the wire in the form
of concentric circles. These circles are denser in the centre and offer
greater reactance to the passage of high-frequency current, resulting in
the current density in the wire being at a maximum on the outside.
When the wire forms in fact a coil, skin effect becomes more apparent,
since each turn produces lines of force in all other turns ; this alone shows
that the spacing and shape of a coil have a marked influence on high-
frequency resistance.

The skin effect may be reduced by the use of stranded wire, providing
the strands are insulated from each other, and that they are twisted in
order that each strand shall pass through each part of the magnetic field
encircling it, and consequently carrying the same current. Such wire is
termed Litzendraht, which is invariably called Litz. This wire may com-
prise any number of strands of any gauge wire, the following being



SHORT WAVE OSCILLATOR

F1G. 138.—Typical coil assemblies. (Top) A compact oscillator coil unit, (Bottom, left) An older type
2 waveband H.F. transformer. (Bottom right) Modern I.F. transformer with screening can removed.
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examples in general use, the first figure denoting the number of strands
and the second figure the gauge of wire expressed in standard wire
gauge : 9/45, 27/48, 30/47, etc. , . ,

When using Litz wire the greatest care is required to strip the numerous
fine strands and subsequently to ensure that each makes good connection,
since discontinuity in a single strand will often increase the high-frequency
resistance by several hundred times.

Single-layer Coils.—The accompanying full-page plate shows a

variety of coils, the type and purpose of which can be readily seen by

studying the caption. For con-

— — venience, however, individual

\\ examples are illustrated and atten-

I tion is directed to Fig. 139, which

! ! | 1 M shows a typical example of a single-
i

|

layer coil which is sometimes termed
a solenoid, though the term is strictly
applicable to a coil having more than
one layer. This type of coil prob-
ably represents, in principle, the
Fig. 139.—A typical single-layer coil. earliest conception of a coil intended
for tuning a radio receiver. It is
nevertheless in use to-day since, when properly proportioned, it repre-
sents a highly efficient arrangement for coils comprising a limited number
of turns, permitting relatively wide spacing with consequent reduction
of self-capacity.

Self-capacity.—A coil must unavoidably possess self-capacity, since
there is insulating material, even although it may be only air, between
turns which have a potential difference relative to each other. This
condenser effect will be made up by capacity between turns which are
adjacent to each other, capacity between all turns with all other turns,
and capacity between the coil as a whole and earth, which in general will
normally be the chassis, screen, or other metal object, and not the earth
connection. This self-capacity has the usual property of storing energy
which increases the high-frequency resistance of the coil and reduces
its efficiency. It will be remembered from remarks made in the chapter
devoted to the tuned circuit, that low high-frequency resistance is synony-
mous with efficiency.

Coil design may be summarised as an effort to reduce self-capacity, high-
frequency resistance, and dielectric loss, in addition to which may be
added the mechanical considerations which have been briefly outlined
above. Further means towards the achievement of this end are described
below.

The W ave-wound Coil.—Fig. 140 shows a typical example of a wave-
wound coil which in principle resembles the so-called honeycomb coil which
was familiar some ten years ago, though the modern version has less
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abrupt changes of direction of the winding than its predecessor. Some
idea of the formation of these coils may be obtained from the illustration,
though the following description may be helpful to those who have not
actually had the opportunity of seeing one. A wave-wound coil is made
by rotating a cylindrical former and feeding the wire over a finger which
moves from side to side for a short distance in a manner determined
by the action of a cam. In this way the wire )
is laid on in a wave formation, the actual
length of each ‘“ wave ” being determined in
such a manner that second and subsequent
layers are not formed immediately over the
layer beneath. Wave-wound coils owe their
efficiency to the fact that the maximum air
spacing is obtained between adjacent turns,
thus keeping the self-capacity to a minimum.
Owing to the distribution of the magnetic
field, 1t is necessary to use a slightly longer
length of wire than would be the case if the
turns were laid side by side, but the increase
in high-frequency resistance brought about
in this manner is considerably less than the reduction brought about by the
decrease of self-capacity. The wave-wound coil is usually chosen for coils
of relatively high inductance, since it offers the means of obtaining high
efficiency with economy of space. This type of coil may also be chosen
where tight coupling is required; the very shape of the coil gives oppor-
tunities for tight coupling, since when two are placed close together
the remotest turns are necessarily comparatively close.

A wave-wound coil is surprisingly strong and, although unsupported,
shows no tendency to fall apart or become unwound ; it is nevertheless
necessary to cover it lightly with some suitable varnish, usually of the
amyl-acetate celluloid type although, when great consistency of inductance
is required, the coil is sometimes completely immersed in paraffin wax.
Such a coil is illustrated in the accompanying plate (extreme left, front row).

Iron-cored Coils,—It has been realised for many years that coils of
extremely high dynamic resistance could be made with the assistance of
some form of magnetic core ; the presence of such core would result in a
given inductance being obtained with a greatly reduced length of wire,
but until comparatively recently the necessary material was lacking,
since the thinnest iron sheet would give rise to excessive eddy currents
at the high frequencies. The problem has been solved by the introduc-
“tion of dust-iron cores. The manufacture of these cores calls for iron in
the form of an extremely fine powder, so fine, in fact, that it cannot be
obtained by mechanical means, but is made by depositing iron chemically
in the form of an exceedingly fine precipitate. The finely powdered iron
is mixed with a suitable insulating and non-magnetic substance so that
each particle of powder is separated from its neighbour. For this purpose

Fig. 140.—A wave-wound coil.
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mica dust is commonly employed, and bound by “cement ’’ or the iron
dust may be compounded with a ceramic; the former are moulded
under considerable pressure in order to impart the necessary mechanical
strength, and also to obtain a degree of uniformity between them.

The most common type of iron core is a round section, moulded with a
thread permitting it to be screwed in and out of the coil for the purpose
of adjusting its inductance; another type takes the form of a section of
square rod about an inch and a half long and a quarter of an inch thick.
Owing to the concentrated magnetic field that will surround the core it is
almost imperative that the coil should be made of Litz wire, otherwise
the skin effect is so high that it is better to dispense with the core and
use a normal coil. By good design it is possible to manufacture an iron-
cored coil having an inductance of, say, 160pH with a dynamic resistance
of 200,000 to 250,000 ohms, even though the whole coil need only be abotit
one and a half inches long and one inch in diameter. y

Permeability Tuning.—It has already been mentioned that the in-
ductance of iron-cored coils may be varied by the position of the core.
The practice of deliberately tuning by sliding or screwing the core in and
out is called permeability tuning. When the core is withdrawn, the
frequency will be the maximum for the particular value of inductance,
the frequency being decreased as the core is moved farther towards the
centre. Unfortunately the rate of change of frequency is not constant,
the effect of the core being very rapid when it is just entering the field of
the coil, but having little effect when it is approaching the central position.
Due to this uneven rate of change permeability tuning has never achieved
popularity except in tuning selectors having fixed positions such as tele-
vision. Itis, however, quite satisfactory for pre-set circuits such as inter-
mediate frequency transformers, since values can be so arranged that reson-
ance will occur at a point where therate of change of inductance is convenient
for accurate and easy manipulation. For this purpose the screwed iron
core is to be preferred duly provided with a wide slot permitting rotation
to be effected by means of a non-metallic screwdriver. ‘

Permeability tuning has the advantage of being very free from variation
due to temperature, providing that the material from which the core is
made is chosen to avoid expansion and contraction. Because per-
meability tuning is used it does not follow that capacity can be dispensed
with, for two reasons. Firstly, the correct value of capacity is necessary
to produce the right shape response-curve, and secondly, some parallel
capacity is desirable which should preferably be large compared to the
self-capacity, in order that small variations of the latter due to tempera-
ture changes shall not bring about an appreciable change in the resonance
frequency.

It is obvious that the stable nature of permeability tuning will be lost
if the shunt capacity is liable to variation ; it is, therefore, necessary to
use fixed condensers of a type that will not suffer from capacity drift.
Such a condenser is known as the anodically sprayed type ; it consists of
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TYPICAL EXAMPLES OF TUNING COILS AND SCREENING CANS.

Back row (left to right) : coil can, coil can, two-band H.F. transformer with reaction. Middle row (left to right): two-band anode coil, two-band
oscillator coil, two-band aerial coil. Front row (left to right) : short-wave aerial coil, iron-cored K.F. transformer, filter coil.
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a sheet of specially selected mica with silver deposited on each side to
form the plates ; these condensers can be obtzined accurate within very
close limits, and are very free from the effects ¢f changing temperature.

Coil Screening.—Attention has been drawn to the necessity for pre-
venting coupling between the anode and grid circuit of a high- or inter-
mediate-frequency amplifier ; some means must therefore be found to
prevent magnetic coupling between the coils. Certain receivers have
separate metal-lined compartments enclosing each tuned circuit and
relevant components, but such a method is cumbersome, and modern
receivers use individually screened coils. The screened coil is contained
in a metal can or box which may be of any convenient shape and of
adequate dimensions to enclose the coil without the metal coming unduly
close to the windings or the core,
if one is employed. These screening
cans, as they are usually called,
should preferably be made of copper,
but on the grounds of expense other
metals are used, aluminium or iron
being probably the most popular.

The efficiency of the coil is some-
what reduced by the relatively close
proximity of the can, partly due to %
the effects of damping and partly due 73>
to the necessity for increasing the
length of the wire used to compensate
for thereduction of inductance caused
by the proximity of the metal. It
should be clearly understood that an
unscreened coil 1s more efficient when
regarded purely as an inductance — . ) —
than when it is enclosed in a can, F'8 4% circuit illustrating a point discussed
It is, however, necessary so to en-
close it to preserve stability if it is to be used as one of the tuned circuits
associated with an amplifier.

Insulation.—From the purely high-frequency point of view, ordinary
precautions will suffice for obtaining the necessary insulation between
coils. There are, however, certain conditions where exceptionally high
insulation is necessary. The illustration at Fig. 141 will serve as an
example ; assume that the anode voltage is 255 volts, and that the
resistance connected between the secondary of the transformer and the
earth line has a value of 2mMQ. Normally, insulation resistance
between coils reaching the high value of 100MQ would be considered
quite satisfactory, in fact many service engineers would be unable to
test such a high value owing to the lack of a suitable instrument.
Consideration of the circuit (Fig. 141) will show that the resistance between
the primary and secondary of the transformer forms with the 2mQ

N
7
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resistance a potentiometer with the grid-cathode of the valve tapped
across the 2mQ portion. The application of Ohm’s law will show
that the high-tension voltage of 255 volts is so distributed that a positive
voltage of about 5 volts is applied to the grid of the valve, which will
cause it to function in a most improper manner, or cease to function
altogether. In the interests of accuracy it must be mentioned that the
voltage mentioned, namely 5 volts, will be modified by the flow of grid
current to some considerable extent. This example serves to indicate
the type of conditions that call for exceptional insulation between coils ;
other similar situations may be found in seemingly quite normal circuits.
It is perhaps worthy of mention that the example illustrated is not an
imaginary set of conditions chosen to explain the points under discussion,
but is actually taken from a very popular receiver, the manufacturers of
which took adequate precautions to secure the necessary high degree of

insulation.



CHAPTER 20
SWITCHES AND SWITCHING

THE term switch covers such a variety that some sub-division seems
desirable ; but, unfortunately, no such classification exists, and some
arbitrary division must necessarily be made in order to present this
subject in a readable manner. The most simple form of switch may
consist of a device that is little more than a paper clip, while other
switches used in radio engineering are so elaborate that they present
difficulty in describing them or illustrating them. The modern wafer
switch, for example, is capable of being formed into an assembly for
switching an almost unlimited number of series, each of which may consist
of half a dozen alternative ways of switching half a dozen different circuits.

The Single-pole Switch.—The performance of a switch is designated
by the terms ““ pole ”’ and ‘“ way.” The term ‘ pole ” is intended to
mean an electrically isolated portion of the switch, while the term ““ way
indicates the number of alternative connections that may be made;
thus an ordinary electric-lighting switch is described as single-pole, single-
way, inasmuch as it will break one lead only end offers but one alterna-
tive—on and off. On the other hand, the type of electric-light switch
which may be thrown into two different positions for controlling lighting
on stairways is designated as single-pole, two-way, since it provides two
alternative connections for a single lead.

The simple on-off switch, such as that used for switching on and off
the battery receiver, is so well known that illustration is superfluous.
Its requirements are merely that it shall make good contact when in the
‘“on " position. On-off switches intended for controlling mains receivers
are necessarily more complicated ; since they must be capable of carrying a
relatively high current when in the ““on” position, and be so insulated that
electric shock is impossible and, furthermore, the moving portion should
preferably be so designed that some spring action hastens the making
and breaking of the circuit, so that the contacts are not burned if the
switch is operated in a leisurely manner. Switches used for this purpose
show considerable variation in their external appearance, consequently
no useful purpose will be served by including an illustration. It may,
however, be mentioned that the two most popular types used by set
manufacturers are, respectively, miniature rotary types and tumbler
types ; the latter term embraces those patterns which are operated by
the movement of a small dolly which responds to the touch with a snap
action ; the conventional electric-light switch is an example.

137
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Three-point Switches.—The three-point switch forms a very useful
contribution to the wide range of available switches, since its special
arrangement of contacts permits a fairly elaborate change to be made
in the circuit with which it is associated, while the switch itself is exceed-
ingly simple. Three contacts are incorporated in this type of switch, all
of which are entirely insulated when the device is in the ““ open ” position ;
when the switch is closed all three contacts are joined together, but still
remain insulated from anything on which the switch may be mounted.

Waveband Switches.—The most exacting switches are those that
are specially intended for use in conjunction with tuned circuits. Their
main requirements are low capacity, so that no transference of energy is
effected when theswitchisinthe ‘“ open” position,and anabsolute minimum
of dielectric loss. In addition to these requirements, it is imperative
that the switch shall be so designed that
separate sections may be ganged together;,
permitting control of several circuits to
be effected by a single external knob, or
lever, while at the same time the several
sections are screened from each other in
such a manner that all danger of feed
back is eliminated.

The most efficient waveband switch in
general use to-day is the wafer switch,
which is available in innumerable modi-
fications, but since the principle remains
unchanged, a detailed description of a
Fig. 143 A wafer switeh - b ] single example will serve to introduce
B aten S typical of meders them all.  Fig. 142 illustrates a typical

switch technique. wafer switch ; that shown being of two-
. pole, four-way type, that is to say it is
capable of switching two leads each to four different contacts. It could,
for example, be used for selecting four wavebands, and is capable of
changing three wavebands plus a gramophone position. Fig. 142 shows
what may be considered as the under side of the switch. The outer
section is the fixed portion, while the central circular section is the rotary
portion.  These switches often have subsidiary switching on the under
side as in the case of the one illustrated, to short out coils when not in
use, to connect the grid to earth when in the gramophone position, or to
perform other necessary services. It is intended that one, two, or more of
these wafers be mounted behind each other and separated where
necessary by a suitable screen to prevent coupling, all switches being
turned by a flat-section rod, the slot for which may be clearly seen in the
exact centre of the rotating portion. A complete control spindle is shown
at Fig. 143.

The switch as shown at Fig. 142 is not complete in itself, since it

requires means whereby the centre portion may be held in the correct
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Fig. 143.—The control spindle and locating plate; the switch wafers are threaded on the flat
‘*blade,” Illustration three-quarters full size.

relationship to the fixed portion, which is rendered somewhat difficult by
the fact that the nature of the spring contact used tends to make the
centre portion take up a position which is incorrect. The usual means
of obtaining the necessary control is shown at Fig. 144, which consists of
a metal plate with depressions or slots into which the rotating arm
will fit in such a manner that movement is
impossible, excepting, of course, when the
switch is deliberately operated ; the example
shown is provided with small wheels rotating
in the arm to provide free deliberate move-
ment combined with very positive locking.
A plate intended for locking a rotating arm
in various positions is known among engineers
as a locating plate.

The wafer switch is reliable and efficient,
qualities which are easily forfeited if the
contacts are allowed to become dirty or
greasy. It is imperative, therefore, that the
greatest care should be exercised when making
a soldered connection to see that soldering
flux is not splashed or dropped on to the
body of the switch. Similarly, some care . The lecati
is rg’quired to obtain sufﬁcientl}; good align- e ?Afezxiéﬁwmg};fe o
ment when two or more wafers are used,
in order that the switch is not bent when the control spindle is rotated.

A Typical Circuit.—The remainder of this chapter and accompanying
illustrations is devoted to typical circuit arrangements to illustrate the
use of switching. Further and more elaborate examples will be found in
a later chapter, where several complete receiver circuits are discussed in
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Fig. 145.—Wave-change and filter switched by means of
a simple three-point switch.

detail. The reader will ap-
preciate that the combina-
tions and permutations are
literally without limit, and
that it is often possible to
use three or four alternative
arrangements, the chcice
being dependent upon con-
venience, or merely by the
fact that one arrangement
has to be adopted for some
particular reason.

Three-point Switching.
Fig. 145 shows the use of a
three-point switch to give
alternative selection of
medium and long wavebands
and at the same time to
short out the filter when in
the medium-wave position.
To make this possible the
medium-wave coils have to
be split into two sections
and the long-wave coil
centre-tapped. It will be
observed that the aerial is
connected to the centre of
the tuned circuit in either
position ; the filter coil is
marked “ F,” the long-wave
coil “L,” and the medium-
wave coils ““ M.”

Fig. 146 shows the use of

a three-point switch for an entirely different purpose, and is arranged

to disconnect the positive
terminal of the grid-bias
battery whenthe low-tension
circuit is broken.  This
arrangement is commonly
used in battery receivers to
prevent the grid-bias battery
frompassingcurrent through
the volume control poten-
tiometer when the recei-
ver is not in use. The pos-
sibilities of the three-point
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Fig. 146.—A three-point switch arranged to break the
filament and grid-bias battery circuits simultaneously.
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switch are very numerous, but the above two examples will serve
to illustrate that it is surprisingly versatile. The illustration, Fig. 145,
also suggests that a little thought will often result in a simple switch
being found adequate for carrying out duties which would otherwise be
assigned to one of more elaborate construction.

Waveband Switching.—The wafer switch permits really elaborate
switching to be ac-
complished with the
minimum waste of
space and loss of

efficiency. By using

such elaborate types i rdicsnmn

as that shown at
Fig. 142, it is pos- S
sible to effect really e
complicated circuit

changes. For the
present purpose, how-
ever, quite simple
switching will suffice. i NI X
Fig. 147 shows the
application of a wafer
switch for selecting
three aerial couplings,
and is therefore a
very typical example,
since the tuned cir-
cuits might well cover
long, medium, and
short wavebands. The
method of diagram-
matically represent-
ing this switch
requires some  ex-
planation, since at
first sight it may =5
?(Ii)lgfla;nsgl)p lzs'l‘t,ﬁ t?l(:i Fig. 147.—Three-ba;1)clle,a.te:"‘:e- ggcyuivtv a;:vritsiv]irli.ght.)y means of a two-
actual switch. In

principle each dot represents a contact tag on the perimeter of the switch
and each arc represents a portion of the central contact ring while the
black dot is used to show the actual connection effected by the rotation
of the centre portion. It is implied that each corresponding dot has
equivalent relationship on the switch or, in other words, each black dot
at the 12 o’clock position is so placed on the switch that the rotor portion
makes contact with each simultaneously.
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The black dots may be considered superfluous in Fig. 147, since it is
reasonably obvious that the rotation of the switch will be 12 o’clock,
1.30 o’clock, and 3 o’clock in each case; their use is, however, important
when illustrating circuits where two or more wafers are used, resulting in
some doubt regarding the sequence of the several component sections.

The wafer switch is extremely difficult to describe, and the reader is
advised, therefore, to study an actual sample switch in conjunction with
these notes, when the manner of its working will be readily understood.

Some receivers employ a wafer switch to control all switching require-
ments, and for this purpose the five-way variety is not uncommon, the
following sequence of positions being a typical example :

1. Off.

2. Short waves,

3. Medium waves.

4. Long waves.

5. Gramophone. L

In the above list it is, of course, assumed that the receiver is switched
on automatically when the switch is turned to position 2, 3, 4, or 5. It
is, perhaps, desirable to mention that when turned to the fifth position
the receiver is connected for the reproduction of gramophone records,
but the actual switching on of the electric turn-table motor is accom-
plished by means of an automatic switch, since the ordinary wafer switch'
1s not intended for such purposes. It is, however, perfectly feasible to
gang a suitable switch on the same spindle for this special purpose.




CHAPTER 21
LOW-FREQUENCY AMPLIFICATION

THE several chapters that have touched upon the stages of a receiver
have always shown the output stage directly following the detector ;
while this sequence is quite possible, and is, in fact, often used, the need
usually arises for some additional low- frequency amphﬁcatlon when the
detector is a diode. The signal-handling capacity of the diode detector
is such that it can easily deliver sufficient output to load the output
stage, but as the diode does not amplify it is obviously necessary to
provide adequate high-frequency amplification. Generally speaking, it
1s more economical to obtain low-frequency amplification than high-
frequency amplification and, in addition, the low-frequency stage is less
bulky and does not present any problems such as ganging, which are
inherent to the high-frequency amplifier.

When large output valves are used, the need for a stage of audio or
low-frequency amplification is very apparent, as the usual screened
pentode will not handle an anode swing large enough to load up an output
stage requiring a large input. Whatever the reason for using a low-
frequency stage the principle remains unchanged, and use is made of one
of the basic arrangements described below.

Distortion.—Before describing the various basic circuits, it is con-
venient to review the requirements of a low-frequency amplifier. Apart
from the obvious aim to achieve the highest possible gain, the most
important requirement is freedom from distortion and, in the case of a
battery receiver, economy of high-tension current. There are two main
types of distortion : amplitude distortion and frequency distcrtion; the
former arises from a condition of overload, or the application of incorrect
bias. Amplitude distortion can be most readily described by the use of
an example: assume that an output valve requires a grid swing of
50 volts to load it fully, and that the low-frequency stage has a stage
gain of 1o; it is apparent that the input to the latter must be a swing of
5 volts.

For the above-mentioned conditions it is necessary to employ a valve
in the low-frequency stage that has an adequate straight portion to its
characteristic curve under working conditions, or, in other words, the valve
when operating at the chosen anode voltage must have a straight grid-
volts/anode-current characteristic from the point where grid current
commences to a point that is 5 volts negative in respect to it ; further-
more, it is imperative that the valve be biased at the exact centre of this
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straight portion, so that the incoming signal can swing in either direction
without running into curvature or grid current. If the length of the
straight portion is inadequate, or incorrect bias is employed, amplitude
distortion will result due to the signal encroaching upon curvature ar
causing the valve to run into grid current. All voltages relating to
signal input used to illustrate the above example are peak volts, not the
root mean square value.

It should not be assumed from the above example that a low-frequency
amplifying valve must necessarily be biased at the mid-point, since it may
be somewhat over-biased if the input is relatively small, a condition that
will obtain when the low-frequency amplifier is capable of delivering a
voltage output considerably in excess of that required to load the grid
circuit of the output stage fully. This practice is normally confined to
battery receivers, where it is desired to effect economy in high-tension
battery consumption. In mains receivers it is usual to reduce the gain
of a low-frequency amplifier by lowering the value of the anode resistance
and thus decreasing the loss of the higher audio-frequencies caused by the
effect of the valve capacity which is shunted across the anode circuit.

Stage Gain.—The gain of the low-frequency amplifier is determined
by a formula which is now familiar, but is repeated for convenience :

p.YR |
R + 7,

when ¢ equals the amplification factor of the valve under working condi-

tions, 7, equals the impedance of the valve under working conditions,

and R the effective resistance of the anode circuit. When the anode

load is purely inductive, i.e. a choke, the formula for the amplification

becomes - - |
g X ol

\ 7.2+ wil?

where L equals inductance of choke, and o equals 2xf. |
It will be understood that the amplification of the stage must neces-

sarily be less than the amplification-factor of the valve, unless a trans-
former is included, since it is necessary for the impedance of the anode
circuit to be infinity in order to realise the full amplification of the valve,
a condition which is, of course, impossible. The stage gain of a trans-
former-coupled low-frequency stage is determined by the following
equation :

N x n X ol

Vi F el

when N equals the effective turns ratio of the transformer, and oL equals
the reactance of the primary of the transformer. The resistance of the
primarv may be neglected.
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Resistance-capacity Coupling.—The simplest form of coupling is
effected by means of resistances and a condenser, and is shown at Fig. 148.
The value of the anode resistance is determined by a number of con-
siderations ; a high value will give high gain, but will limit the voltage-
handling capacity of the valve if the total
high-tension voltage available is insuffi-
cient to give sufficient potential difference
between anode and cathode after allowing
for the drop across the resistance, and,
furthermore, the use of a high-value
anode resistance will result in some attenu-
ation of the higher audio-frequencies, due
to the shunting effect of the capacity
between the anode and all other elec-
trodes, which is, in effect, in parallel. Itis
apparent, therefore, that some compromise
must be effected, and a reasonable value
is three times the anode impedance of the
valve.

The next consideration is the grid leak, - - -
which is virtually in parallel with the B
anode resistance, and must be kept reason-
ably high if stage gain is not to be sacrificed. The actual value will be
determined by various considerations, but, generally speaking, the grid
leak may have a value equal to five times the anode resistance.

The value of the coupling condenser is extremely important, since
attenuation of the lower frequencies will result if the capacity is too
small, while distortion will result if the capacity is too large. Considera-
tion of Fig. 148 will show that the resistance and grid leak may be con-
sidered as a potential dividing device, the mid-point being connected to
the grid of the output valve. Since the reactance of the condenser will
vary with frequency, it is apparent that the two ‘“ arms " of the potentio-
meter will bear a relationship to each other which will vary with fre-
quency. It can be shown, for example, that if the reactance of the con-
denser at 100 cycles is equal to the resistance of the grid leak, the attenua-
tion at this frequency will be approximately 30 per cent. For general
purposes, however, the relationship between grid leak and condenser will
be found satisfactory when the reactance of the grid condenser at 25 cycles
per second is equal to the resistance of the grid leak.

Transformer Coupling.—The basic circuit of a transformer-coupled
low-frequency stage is shown at Fig. 149, which is in itself sufficiently
explanatory to need little comment; the advantage of this type of
coupling is the additional gain due the voltage step-up of the transformer,
but the corresponding disadvantage is the difficulty in avoiding frequency
distortion, an aspect of the question which belongs to the consideration
of transformer design. Frequency distortion in a low-frequency trans-
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former takes the form of high-note attenuation due to the self-capacity
of the winding, and bass attenuation consequent upon the difficulty of
obtaining sufficiently high inductance to give adequate impedance at low
frequencies. There are, however, transformers using special high-per-

QB

I 4
Fig. 149.—Transformer coupling with Fig. 150.—Transformer coupling for directly
indirectly heated mains valves. heated battery valves using battery grid bias.

meability iron cores which give adequate values of primary inductance,
but the core is so easily saturated that it is necessary to resistance feed
the primary in order to prevent the anode current of the valve from
passing through the primary winding.

Resistance Transformer Coupling.—The basic circuit for resistance-
fed transformer coupling is shown at Fig. 151. It will be observed that
the valve is fed from the high-tension line through an anode resistance,
while the speech frequency circuit is completed through a condenser.
Normally, the value of anode resistance will be the maximum that will
permit adequate potential difference between the anode and cathode
of the valve. Occasions arise, however, when a lower value may be
chosen as a means of improving the response-curve of the transformer.

The coupling condenser is not critical, and requires little consideration
other than to ensure that it is large enough, values from ‘1 to 1pF
being in general use. Since the D.C. resistance of the transformer
primary will be quite low, this condenser may be made fairly large.
Here, again, occasions may arise where it is desirable to deliberately
attenuate the lower frequencies as a means of accentuating the higher
frequencies which may have been attenuated in the tuned circuits em-
ployed in the earlier stages of the receiver ; when it is desired to attenuate
the lower frequencies, the value of the condenser is decreased until the
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desired percentage of attenuation is arrived at. The various circuit-
diagrams in this chapter are deliberately drawn so that the left-hand valve
can represent the low-frequency amplifier and the right-hand valve the
output valve. On the other hand,
the left-hand valve may represent
the detector valve, and the right-
hand valve the low-frequency
amplifying valve. In this way it
is possible to visualise two of the
circuits as being part of the same
receiver ; for example Fig. 151 may
represent the coupling between
the detector stage and the low-
frequency stage, and Fig. 148
the coupling between the low-
frequency valve and the output
valve. In other words, the right-
hand valve in Fig. 151 may be
regarded as one and the same
valve as the left-hand valve in
Fig. 148.

The circuit arrangement shown at Fig. 151 is liable to modification to
give a different effective
transformer ratio. Taking a
transformer with the nominal
ratio of 3:1, it is apparent
that this figure is realised in
the arrangement shown at
Fig. 151. A different set of
conditions obtains in the
arrangement shown at Fig.
152, since the winding shown
on the left-hand side (the
normal primary winding) will
function in the ordinary way,
whereas the secondary 1is
made up of both windings,
the G.B.—terminal being con-
nected to the A terminal. In
this way the nominal 3:1
Fig. 152.—The circuit shown at Fig. 151 rearranged to ratlp l?ecognes 4 :.I' A furt.h.er

give increased gain. variation is possible by utilis-

ing an arrangement where the

primary turns are in effect deducted from the secondary, giving a ratio of
2 :1I. The circuit is, however, omitted, since this method of connection is
undesirable owing to the intolerable frequency-response curve whichresults.

R.T. I—12

Fig. 151.—Fesistance-fed transformer coupling.
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For convenience, a further arrangement is shown at Fig. 153, which
may be described as resistance-fed auto-transformer coupling; by reference

Fig. 153.—Resistance-fed auto-trans-

former coupling.

to the diagram it will be seen that a true
auto-transformer is used; actually this
circuit is similar to that shown at Fig. 152,
with the exception that in the former case
an auto-transformer is used to perform its
normal function, whereas in the latter case
an ordinary double-wound transformer is
employed, but is so connected that it
functions as an auto-transformer. In
practice, the auto-transformer is provided
with only three connecting points, whereas
the double-wound transformer is provided
with four connecting points, the primary
and secondary windings being insulated
from each other.

Fig. 153 is useful inasmuch as it shows
rather clearly that the lower portion of
the winding forms the primary, whereas
the whole winding forms the secondary.
The same remarks apply to Fig. 152,

but the point is not so apparent owing to the manner in which this

circuit is drawn.

Diode to Triode
Coupling.—Refer-
ence has already been
made to the desira-
bility of following the
diode detector by a
stage of low-fre-
quency amplification.
As a convenient
means of achieving
this aim it is usual to
use the double diode
triode,oralternatively
the double diode
tetrode, which con-
sists of a normal valve
assembly and two
diodes contained in
a single bulb. The
method of connecting

Fig. 154.—A double diode triode used as detector and low-frequency

amplifier in a superheterodyne.

the signal diode to the triode is shown at Fig. 154. The pentode valve
is intended to represent the final intermediate-frequency amplifier which
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is coupled by means of an iron-cored intermediate-frequency transformer
to one of the diodes of the double diode triode. It will be observed
that the diode load and accompanying bypass condenser is connected
in series with the secondary of the intermediate-frequency transformer,
and that its low-potential end is returned to cathode. The diode load
takes the form of a potentiometer in order to permit control of volume.
It will be noted that the moving arm of the potentiometer is connected
through a condenser and resistance to the grid of the triode valve, which
is tied down to the high-tension line by a further resistance in order that
the grid may be biased by the potential drop across the bias resistance
in the cathode circuit. The condenser is included to prevent the bias
on the grid from being short-circuited, since the lower end of the
potentiometer is returned to the cathode. The resistance in series with
the condenser prevents the high-frequency component of the diode
circuit from appearing on the grid of the triode section at sufficient
amplitude to cause instability and other undesirable effects. When
volume control is not required the connection is taken to the high-
potential end of the diode-load resistance, which then takes the form of
a normal fixed resistance.

Mains Hum.—The amplification of the triode section of the double
diode triode plus the amplification of the output stage is usually very
considerable and special care is necessary to prevent the introduction
of mains hum into the grid circuit of the triode section. Quite apart
from the actual gain, it will be realised that the coupling between the
valves in question will be favourable to the transference of mains hum,
which on 50-cycle mains will have a frequency of 100 cycles per second
if the rectifier valve is of the full-wave type.

The actual disposition of the components included in the grid and
diode circuits of the double diode triode are inclined to be scattered and
consequently considerable care is required in positioning the components
and wiring. When the diode load resistance takes the form of a poten-
tiometer, this component will usually be mounted on the front ot the
chassis, so that it is available for the manual control of volume; the
detector diode is connected to the secondary of the intermediate-frequency
transformer, with the result that the designer is usually faced with the
alternative of a long detector diode lead or a long grid lead. The usual
way out of the difficulty is to make the diode lead short and screen the
grid lead. The screening of the grid lead requires some care, owing to
the danger of attempting the higher audio frequencies, and recourse is
usually made to some form of low-capacity coaxial cable.

The Choice of Valves.—The triode valve has been used in the various
circuits which show a low-frequency amplifier. This should not be
taken as an indication that the triode valve is the only suitable type.
Both the tetrode and pentode may be used in this stage and, in fact,
several types of double diode tetrodes are available. The tetrode valve
is usually employed when the input is small enough not to cause over-
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loading and has the advantage of a high amplification factor. The
pentode is employed as a low-frequency amplifier when it is desired to
introduce a special form of tone correction or when it is desired to take
advantage of the suppressor grid for rendering the loudspeaker silent
while tuning from one station to another. The subject of inter-station
noise suppression is dealt with in a later chapter.




CHAPTER 22
THE OUTPUT STAGE

THE term output stage may be broadly defined as the ultimate valve of
a receiver. There is, however, an implication that the output stage is
intended to drive a loudspeaker as distinct from headphones, since the
latter may well be driven by the detector valve, and it is something of
a paradox to refer to the detector valve as the output valve, since their
normal functions differ so widely. The output valve is different from
all other valves in one important particular; it is required to deliver
power, as distinct from voltage. It will be remembered that a valve is
a purely voltage-operated device, and when one valve is used to drive
another which follows it the former is only required to deliver voltage
output. A loudspeaker is not a voltage-operated device, but is essen-
tially a current-operated device, and will, therefore, require a power
output, since voltage will also be required to bring about the flow of the
current through the winding of the loudspeaker. The requirements of
a valve intended to deliver a power output are almost fundamentally
different from a valve required for purely voltage amplification, and,
consequently, output valves not only differ in construction, but require
different operating conditions.

The output stage comprises the output valve, the loudspeaker and its
attendant components ; loudspeakers are dealt with in a separate
chapter, and for the time being attention is directed solely to the output
valve, and the method of its application. An output valve may be a
triode, tetrode, or pentode, but the measure of its efficiency is in all
cases determined by three factors: sensitivity, limitation of distortion,
and speech output ; it being understood that the latter term is intended
to imply the actual signal output available for operating the loudspeaker,
and is variously referred to as power output, A.C. output, speech output,
and undistorted output.

Undistorted Output.—The actual speech cutput obtainable from an
output valve is determined by the anode dissipation of the valve, which
is in turn determined by multiplying the mean anode current by the
voltage difference between anode and cathode or filament. It is not
possible, however, to permit an output valve to deliver its maximum
possible output, since, under this condition, distortion would be quite
intolerable. Consequently the output of the valve must be limited to
some smaller value, which is called the undistorted output ; a term which
is a most unfortunate misnomer, since the extreme condition required
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for output without distortion would result in the output being negligible.
It is apparent, therefore, that some compromise is necessary. This
compromise is a purely conventional one, and allows the valve to he
rated for the speech output that it may deliver without introducing
more than 5 per cent. distortion. The term undistorted output, therefore,
may be defined as the maximum speech output that the valve can deliver
without introducing distortion to a greater extent than 5 per cent. The
method of determining undistorted output and the calculation of distor-
tion is dealt with in the next chapter, since the procedure differs somewhat
with various types of output valves.

Second Harmonic Distortion.—Distortion introduced in the output
stage is brought about by the valve generating spurious harmonics,
which naturally alter the characteristic of the music to a greater or lesser
extent. The unwanted harmonic content is caused by the non-linearity
of the grid-voltage/anode-current characteristic. It has been convenient
in the preceding chapters to refer to the straight portion of this charac-
teristic, but the simple expedient of laying a straight-edge along a selected
portion of an honestly-drawn curve will show that the term ‘‘ straight ”’
is a relative one, since slight curvature begins almost from Vg =o.

The exact meaning of second harmonic distortion needs some explana-
tion, in order that the phenomenon may be understood readily. Assume
that a single fundamental musical note is being broadcast, the pitch of
which is equivalent to middle «“ C *’ on the piano, which has a frequency of
256 cycles per second, and that the receiver is so designed and adjusted
that the output valve delivers one watt to the loudspeaker. It is
apparent that if distortion is entirely absent the fundamental note of
middle ‘“ C "’ will be heard at the volume indicated. If the output valve is
working under such conditions that it introduces 5 per cent. second
harmonic distortion, then the valve will introduce a spurious frequency
of 512 cycles per second, which is a second harmonic of 256 cycles per
second, and is the musical note ‘“C,” but one octave higher than middle
“C,” and since the distortion is equal to 5 per cent., the spurious frequency
can be rated at 5 per cent. of 1 watt, which is 50 milliwatts. Second
harmonic distortion will always consist of the introduction of a frequency
one octave higher than the initial frequency. It should be understood
that this harmonic distortion will appear not only on the fundamental
note or notes, but also on the harmonics which are themselves introduced
by the instruments of the orchestra. The introduction of a spurious
frequency that is always separated from the initial frequency by an
octave is not particularly distressing to the ear, and its effect is rather
in the nature of tending to alter the character of the sound ; that is to
say, it tends to make a musical instrument sound a little unreal.

Third Harmonic Distortion.—The non-linearity of a triode valve is
in one direction ; that is to say, the curvature consists of a deviation to
one side only of a straight line drawn between the extremities of the

grid swing (see Fig. 155).
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Fig. 156 shows the
dynamic grid-volts/anode-
current characteristics of a
pentode valve. It should be
understood that a dynamic
characteristic is obtained
from a valve when operating
under working conditions,
t1.e. with correct grid bias
applied and with a load in
the anode circuit. Refer-
ence to Fig. 156 will show
that the pentode differs from
the triode inasmuch as the
departure from the ima-
ginary straight line occurs
on both sides, with the
result that third harmonic
distortion is introduced in
addition to second harmonic
distortion. Generally speak-
ing, the percentage of third
harmonic distortion is so
much greater than the per-
centage of second harmonic
distortion that the latter
may be neglected when the
valve is used under certain
conditions. There are, how-
ever, a limited number of
pentode valves available on
the British market which
prove an exception, since
they are so constructed that
second harmonic distortion
is greater than third har-
monic distortion.

To illustrate third har-
monic distortion it will be
convenient to investigate
the behaviour of a pentode
which is operating under
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Fig. 155.—Dynamic curve of a triode output valve., Since
this curve is taken from the valve under working con-
ditions, it is limited to the portion actmally operated
by the input voltage. The straight line shows the
theoretical condition of zero distortion.

such conditions that it introduces 5 per cent. of third harmonic dis-
tortion. Once again assume that a fundamental note of 256 cycles is
being broadcast. It will be remembered that this frequency is known
to musicians as middle “C.” The third harmonic of 256 cycles per
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second is 768 cycles per second, which no longer differs from the funda-
mental note in terms of octaves, but is the higher “G”’; thus an entirely
alien note has been introduced. It is, perhaps, unnecessary to remark
that the introduction of an alien note may be regarded as more serious
80 than the introduction of the
higher octave, particularly
when it is remembered that
a fundamental note emana-
ting from a musical instru-
ment will be attended by
various harmonics, which
will, in turn, give rise to
alien notes in the repro-
duction.

The effect of harmonic
distortion upon the listener
will vary with different in-
dividuals, but, if the author
may strike a personal note,
it may be of some guidance
to mention that he is pre-
pared to tolerate 5 per cent.
of second harmonic distor-
tion more readily than
2 per cent. of third harmonic
distortion. It may also be
mentioned that the presence
of third harmonic distortion
causes reproduction to ap-
7 pear both harsh and shrill,
and is of such a character
that it continues to appear
to the ear as shrill, even if

60
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Fig. 156.—Dynamic curve of a pentode output valve; the curve apply equally to both the

deviates on both sides of the imaginary straight line,
indicating the presence of third harmonic distortion. 11:)::11_ E)Odie and the OUtput

Optimum Load.—In order that the valve may deliver its maximum
output with limited distortion, it is necessary that the anode load should
have an optimum impedance—which is termed the optimum load. It is
apparent, without going into the question deeply, that the presence of
a very small impedance in the anode circuit must result in the available
power being developed in the valve instead of in the load where it is
wanted. On the other hand, the presence of a ridiculously high load
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will result in the functioning of the valve being so impaired that its
efficiency is proportionately low ; the actual figure for the optimum load
can usually be conveniently obtained by consulting the data supplied
with the valve. It is, however, obtainable by various other means, the
most convenient of which is the graphical method, which is described in
the next chapter. The term optimum load may be defined as the external
anode impedance which will permit an output valve to deliver the maxi-
mum speech output without exceeding 5 per cent. harmonic distortion.
When using a triode valve the optimum loac is invariably adhered to,
but when using a pentode or output tetrode, some modification may be
considered desirable, when a considerable reduction in third harmonic
distortion will result, without unduly reducing the speech output and
second harmonic dis-
tortion. S I T —T T
Fig. 157 illustrates ; | _].]T i T__T ?_—1
the importance of L T1T T 171 | N ]
using the correct load "[_.- | N ]
2:8 T
]

|

for a triode wvalve.
The curve shows the
relationship between
the anode load and
the speech output and
second harmonic. It
will be observed that
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the effect of using an -

excessive impedance e I 1L 1 o
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impedance. It may Fig. 157.—This illustration shows the speech output and second
barmonic distortion plotted against anode load. The valve used

also be seen that

el R TGE i for th::se curves was a triode having an anode dissipation of
12 watts.

given by the triode
valve, since deviation from the optimum load to the extent of a few hundred
ohms does not bring about a profound change in available output.

Fig. 158 shows the relationship between the anode load, harmonic
distortion, and available output of a pentode valve. It will be observed
that the output curve is reasonably level,and that small change of optimum
load does not materially affect the available output. On the other hand,
the variation in the harmonic distortion is considerable for a relatively
small change of anode load. A load of 5,500 ohms will give zero second
harmonic distortion, but about 45 per cent. of third harmonic distortion ;
the conventional interpretation of this curvewculd result in the valve being
used with a load of 5,750 ohms, since this gives the greatest output with-
out exceeding 5 per cent. third harmonic distortion. The author considers
this conventional interpretation to be capable cf improvement and, bearing
in mind the unpleasant nature of third harmonic distortion, would prefer



176 THE OUTPUT STAGE

to use an anode load of 5,000 ohms, which will increase the second har-
monic distortion to 2 per cent., but will reduce the third harmonic
distortion to about 3-3 per cent. Admittedly the available output is
sacrificed to the extent of about 2 per cent., but this sacrifice is a trifling
matter compared with the reduction in third harmonic distortion.

It is apparent from a cursory glance at Fig. 158 that the anode load
for a pentode is very much more critical than for a triode, and, further-
more, that under-loading is preferable to over-loading, since the former
causes a relatively
small reduction in
output, whereas the
latter causes a really
| cqoureV?| | L 1 — serious increase of
ePEECh — third harmonic dis-

el .
- tortion.

Impedance Limit-
ation.—In order to
eliminate as far as
possible  dispropor-
tionate amplification
of certain frequencies,
it is apparent that
the anode load should
be constant at all
~ % frequencies which the

= O output valve is re-
1, quired to handle.
% o] The modern moving-
g - coil speaker is usually
sufficiently well de-
4000 5000 6000 7000 signed to give ap-
ANODE LOAD proximately uniform

Fig. 158.—Curves showing the relationship between anode load and 1mpe dance from

speech output, second harmonic distortion and third harmonic 50-5,000 cycles, or
distortion. The valve used was a pentode having an anode more Nevertheless
* ]

dissipation of 8 watts. .. .

it is often desirable
to introduce some means of limiting the impedance, particularly when
using high-impedance speakers, with which there is a tendency for
impedance to increase with frequency. The most obvious arrangement
is the use of a fixed condenser across the anode load, which will effectively
limit the impedance at the higher frequencies to an extent dependent
upon its capacity, but is liable to attenuate unduly the very high audio-
frequencies. It is, therefore, usual to use a resistance and condenser in
series across the anode load, so that the impedance at very high audio-
frequencies cannot fall below a predetermined value, namely, the value
of the resistance. This arrangement is shown at Fig. 1509.

SPEECH OUTPUT (WATTS)
HARMONIC DISTORTION
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Tone Control.—The fact that the impedance of the anode load can
cause the top end of the frequency scale to be attenuated suggests that
this phenomenon may
be used to effect tone
control, which could
take the form of the
filter, C,, R,, shown at
Fig. 159, the condenser
having sufficient capa-
city to attenuate the
higher frequencies to a
desired extent, and the
resistance made vari-
able and of a value
capable of practically
oftsetting the bypass-
ing effect of the con-
denser. This arrange-
ment is often used to
provide tone control,
but is considered un-
deSirable’ since mani- Fig. 159.—Alternative positions for variable tone control; R and
Plﬂation of the variable g 139 Cis greferable to R1 and Cr1, '
resistance will not only
affect the frequency response but the total impedance of the anode load
to such an extent that serious increase in harmonic distortion may
result. It is, therefore, preferable to use a fixed condenser and re-
sistance when necessary to limit the impedance of the anode load, and
to introduce tone control in front of the output valve (RC in Fig. 1509),
in the form of a fixed condenser in series with a variable resistance
connected between grid and cathode of the low-frequency amplifying
valve, where such a valve is employed.

The variable tone control is used by many listeners to attenuate the
higher frequencies so that reproduction is rendered ““ mellow,” a term
which cannot be too strongly deprecated by the musically minded, since
it means deliberate frequency distortion introduced to make musiczl
reproduction less faithful.

Valves in Parallel.—When it is desired to increase the speech output,
and it is inconvenient to use a larger valve, it is possible to use two or
more valves connected either in parallel or push-pull ; the latter alterna-
tive may, under certain circumstances, give additional advantages.
Valves connected in parallel are illustrated at Fig. 160, from which it
may be seen that corresponding electrodes are joined together, i.e. anode
to anode, etc. It will be noted that the suppressor grids are not joined
together, since these electrodes are connected to the cathode internally,
the actual connection usually being made between the appropriate wires
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on the foot of the valve. This connection is shown internally in the
illustration. Slight variations are possible, notably the connection of
heaters in series instead of parallel, as a matter of convenience. Also,
the grid circuit may be modified, ?ermitting grid bias to be applied
separately to each valve by means of separate bias resistances, a feature
which prevents damage to one valve when its partner becomes defective,
and, incidentally, permitting the stage to continue functioning with partial
efficiency when one valve has suffered complete failure.

Two valves in parallel will deliver twice the output of which one valve
is capable, and, since the output
increase is in the nature of a

current increase, the anode load
must be halved. In addition to
doubling the output, this system
of connecting valves doubles the
sensitivity, since the doubled out-

put is delivered, though the input
voltage remains unchanged. It
will be remembered that a valve is
a voltage-operated device, conse-
quently a given input will drive
any reasonable number of valves,
providing they are so biased that
grid current is completely avoided.
It is undesirable that the total
D.C. resistance between grid and
cathode of an output valve should
be of a high order, 1 megohm being
Fig. 160.—Output valves in parallel. considered the maximum figure
while with really large output
valves a considerably lower value is desirable. This limitation is imposed
because an output valve will almost invariably work under such con-
ditions that exceptional peak values will drive the valve into grid
current, and the effect of this will be to decrease the effective bias in
proportion to the total D.C. resistance through which it must flow.
Push-pull Output.—One of the most valuable contributions to the
technique of the output stage takes the form of push-pull amplification,
the basic circuit of which is shown at Fig. 161, where a typical circuit is
given for two triodes in push-pull. It will be noted that the input is
delivered by means of a centre-tapped transformer, the centre of which
is connected to cathode, so that the opposite ends are in opposite phase.
Since the extremities of the secondary are in opposite phase, the output
valves will be driven in opposite directions; thus the anode current of
one will increase, while the anode current of the other decreases, hence
the term push-pull.
The most outstanding advantage of push-pull amplification is the

11
I




THE OUTPUT STAGE 179

automatic cancellation of second and all even harmonic distortion. It
is thus possible to design a triode output stage by the utilisation of this
principle, which is practically free from harmonic distortion. It should
be understood that valves in push-pull cancel out even harmonic distortion
only, but do not cancel odd harmonic distortion ; consequently the advan-
tages of this system are more easily realised when using triode valves,

3
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Fig. 161.—Basic circuit of a push-pull output stage using indirectly heated valves.

which only generate even harmonics at significant amplitude. It is,
however, possible to utilise the principle for pentode valves, the even
harmonic distortion being cancelled out in the manner already described,
and third harmonic distortion being considerably reduced by the applica-
tion of a principle known as negative feed-back, which is described in
detail at the end of this chapter.

Class A Push-pull.—Class A output may be defined as an output
valve running under conditions of normal bias, that is to say, the valve
is biased at the middle of the ‘ straight >’ portion of the characteristic.
The term may be applied to a single valve, valves in parallel, or valves
in push-pull, though the term has little significance, except when applied
to push-pull, as it is scarcely conceivable that a single valve or valves in
parallel could be operated at a condition sensibly different from that of
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normal bias. It is, however, most significant when applied to push-pull
valves, since these may be operated under widely differing conditions.
Generally speaking, the optimum load for the two valves, 7.e. the anode
to anode load, will be double the value that is correct for one valve
when the stage is working as Class A output. It is, however, often
practicable to vary the load slightly, and, in consequence, obtain a larger
output ; a liberty that may be taken, since the increase will merely result
in increasing second harmonic distortion in each valve, which is unim-
portant, since the even harmonics are cancelled.

|

Quiescent Output.—Quiescent output is an important development
applied to the battery receiver, since it brings about a very considerable
saving in high-tension current consumption. ‘

Special pentodes biased almost to cut-off and Class B push-pull may be
described by the common title of quiescent push-pull output, and it is
necessary to define the meaning of the latter term before describing the
alternative methods of its application. |

Class A output stage consumes a fixed average high-tension current
irrespective of the work accomplished. If the valve is so designed that
when correctly biased it passes, say, 2o milliamps, then it will pass
20 milliamps when reproducing a full orchestra; it will also consume
20 milliamps when reproducing a single voice ; and, what is more wasteful
still, it will consume 20 milliamps during a programme interval. A
quiescent output stage is biased so that its standing anode current is very
small, and valves capable of giving the same output as that quoted in the
examples above will pass only one or two milliamps when quiescent,
t.e. during a programme interval. The incoming signal will drive each
valve alternatively, so that its anode current increases to an extent
determined by the amplitude of the signal, thus the stage passes only
sufficient current at any instant to enable it to handle the signal that 1s
driving it; the actual waste of high-tension current is of the order ¢
only 10 per cent., which represents a considerable economy.

It is impossible to compute the wastage of anode current occurring in
a Class A stage, since the waste is dependent upon the type of programme;
but a test carried out by the author gave the following results, measure-
ment being effected by the use of silver plates in a solution placed in
series with the high-tension supply, the total current being determined
by the gain in weight of one plate, due to the silver deposited by the total
current passing through the cell. The test was carried out between two
pentodes in quiescent push-pull (that is an ordinary QPP pentode), and
compared with two pentodes in Class A push-pull, the input to each
being so adjusted that both stages delivered the same output, measured
by means of an output meter. The valves were switched on at 10.15 a.m.,
and switched off at midnight automatically, and the receiving stages
tuned to a British broadcasting programme. This test was continued
for six days, and the wvalves in Class A push-pull consumed
I,450 milliampére-hours, whereas the quiescent push-pull consumed
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only 675 milliampére-hours. It will be noted that the saving in high-
tension consumption was more than 50 per cent. Both stages delivered
the same output, and, at times no doubt took the same current, but the
QPP stage effected the economy during the period when the programme
material was such that the stages were not called upon to deliver their
maximum output.

It must be admitted that the quality of reproduction of a QPP
output stage is inferior to that available from a Class A output stage,
all things being equal. Nevertheless, it is of great advantage when
used in battery-operated receivers. When high-tension consumption is of
primary importance, the QPP stage may be considered to give the best
quality, as, when the matter is viewed broadly, the alternatives are a
QPP output stage giving slightly indifferent quality compared with a
single valve, which will be badly over-loaded, and therefore give worse
quality. This comparison, of course, only applies to receivers where
high-tension consumption is necessarily limited by economic consideration.

Class C Output.—Class C output is a form of quiescent push-pull
output, and may be defined as two valves working in push-pull and
biased at a point where anode current practically ceases, s.e. the cut-off
point. The actual point chosen is of some importance, since it determines
the linking up of the two valves or, in other words, the accuracy with
which one valve will commence to function when the other one has
ceased. The application of incorrect bias will cause serious distortion
when handling small inputs, but is not so important when handling large
inputs. It must be remembered, however, that the output stage is dealing
with a low-frequency wave form, and consequently will be called upon
to handle small inputs and large inputs at the direction of the programme
material being reproduced. Class C amplification is sometimes used for
very large amplifiers, particularly of the portable type, since problems
of heat distribution are brought about when really heavy anode currents
are in use ; otherwise the system is almost entirely confined to domestic
battery receivers, the actual valve chosen being usually of the pentode
type in order to obtain high sensitivity. Special valves are available
which comprise two pentodes mounted within a single bulb; this
development is purely one of convenience, and has no theoretical
significance.

It should be particularly noted that a Class C output stage may work
with an input which will drive it from approximately zero anode current
to a point where the grid swing approaches, but does not reach, the value
at which grid current will flow.

Class B Output.—Class B output is a form of quiescent push-pull
which fulfils the same advantages of economical high-tension current
consumption, but achieves the desired result in a somewhat different
manner. The typical Class B valve comprises two triodes mounted in a
single bulb and having relatively high impedance. A typical circuit is
shown at Fig. 162, from which it may be seen that the valve is working
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without grid bias, although certain types actually use a small value of
negative bias. It is, however, more convenient to use for an example
the type of valve which works at o bias, under which condition each
anode will pass something less than 1 milliamp. It is apparent that
when positive signal voltage is applied to the grid the valve will make
an excursion in the positive grid region, 7.e. the grid will become more
and more positive in accordance with the amplitude of the applied signal.
The valve is in all respects a triode, and will pass grid current when the
grid is made positive to a material extent, which would normally resuit
in severe distortion due to the load imposed on the preceding valve.
The valve immediately preceding the output valve at Fig. 162 is not a
low-frequency amplifier in the generally accepted sense of the term, since

é\\% Em

Fig. 162.—Basic circuit of a Class B output stage ; special reference is made in the text to the
condenser connected between the grids of the Class B valve.

it performs the unusual function of delivering not only a voltage output
to drive the output stage, but a current output, so that the energy
consumed in the grid circuit of the output valve can be provided for
without adversely affecting the performance of either stage.

This special valve, which supplies the requirements of a Class B output
valve, is somewhat aptly termed the driver valve, and usually takes the
form of a small power valve over-biased to an extent which will permit
it to deliver some 30 milliwatts for an anode current of about 1-5 milli-
amps. Under certain circumstances, however, it is possible to use a
valve of what is colloquially termed the low-frequency type; this
arrangement, however, tends to increase anode current to some small
extent, though it effects a useful saving in filament current.

It will be noted that the coupling between the driver and Class B
output valve takes the form of a transformer; this component differs
from the usual type of low-frequency transformer inasmuch as it has a
small step-down ratio instead of a step-up ratio, a detail made necessary
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by the desirability of reducing the loading imposed in the driver valve
anode circuit by the heavy flow of grid current in the grid circuit of the
output valve. It is also necessary that the secondary of the driver trans-
former shall have a low D.C. resistance, usually not more than about
200 ohms, in order that the grid current flowing through the winding
will not cause an appreciable voltage drop across the winding, which
would result in variable grid bias being applied to the valve, and consequent
distortion.

It will be noted that the outer terminals of the driver transformer
secondary are connected together by means of a fixed condenser. At
first sight this might be assumed to be some form of tone control, a func-
tion which it does actually perform, but it has far greater significance.
As already stated, the anode current is dependent on the amplitude of
the signal input which will normally be made up by the modulation
from the programme that it is desired to hear, but considerable danger
arises from the possibility of the presence of a supersonic frequency,
which may have a steady amplitude capable of driving the Class B valve
to a pointwhere it passes very heavy anode current, under which condi-
tion, of course, the life of a quite large high-tension battery may be
measured almost in days. A supersonic frequency may be roughly
described for the present purpose as a whistle above audible frequency,
so that its presence is not detected by ear. It could arise from the
heterodyning of two stations 18 kilocycles per second apart, or from other
causes. The danger of excessive anode current, due to the presence of
a supersonic frequency, is rendered negligible by the condenser connected
across the secondary terminals of the driver transformer, since the
capacity will attenuate any frequency above audibility to such an extent
that for all practical purposes it assumes negligible proportions. It is
apparent that this condenser or some similar device must be included
in front of the Class B valve and not in the anode circuit, as it is necessary
to remove the unwanted frequency before it reaches the grid. It will
be observed that each half of the primary of the output transformer is
shunted by a condenser which will in effect limit the impedance of the
anode load. It is important that the function of this condenser should
not be confused with the condenser in the grid circuit.

The output transformer must have a ratio suitable to raise the impe-
dance of the loudspeaker to the optimum load required by the valve.
It must, however, be so designed that the D.C. primary resistance is
of a low order, usually about 150-200 ohms. This is necessary to
avoid material changes of applied D.C. anode vcltage arising from the
considerable change in anode current, which will usually be from
1-30 milliamps, or more.

It is found in practice that distortion may be very easily introduced
into receivers using Class B output. This may be due to failure to observe
the special requirements detailed above or to the presence of high
frequencies introduced into the driver valve anode circuit and elsewhere,

R.T. I—I3
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and also to spurious frequencies arising in the Class B output stage finding
their way back into the preceding stages. It is necessary, therefore, that
rigid precautions should be taken to prevent coupling between the anodes
of the valves, an aspect of receiver design that is dealt with separately
in the chapter devoted to de-coupling.

The driver valve and Class B output valve are usually looked upon as
a single stage, since the function of one is dependent upon the other, and,
furthermore, the driver valve must necessarily work under such conditions
that its signal amplification is small ; in fact, the stage gain of the
complete output system is very low, often less than one-tenth of that
obtainable from two pentodes working in quiescent push-pull. To
compensate for this it is generally considered that the Class B arrangement
is capable of more faithful reproduction than that available from quiescent
push-pull pentodes. It may be added that both systems have their
own peculiar forms of distortion, which cannot be defined mathematically
by any of the usual methods which are applied to normal Class A output
systems.

Negative Feed-back.—It has already been intimated that means are
available for reducing the third harmonic content of a pentode output
stage. This is achieved by means of a principle known as negative feed-
back, and is applicable when using a single pentode valve, or when two
pentode valves are used in push-pull. In the latter case, however, the
second harmonic distortion is cancelled out,so that with negative feed-back
the total harmonic content is very small. Negative feed-back may be
defined as a method of reducing third harmonic distortion in a pentode
valve by feeding a small part of the speech-frequency voltage in the anode
circuit back into the grid circuit. |

It is necessary that the energy fed back from the anode circuit should
be in series with the normal signal voltage, since the alternative method
would introduce undesirable secondary effects. A suitable circuit is
shown at Fig. 163. It will be observed that the output stage is normal,
except that the anode load of the low frequency amplifier is not con-
nected to the high tension supply in the normal manner but to a poten-
tiometer arrangement connected across the anode load of the output
valve. The resistances, R and R,, form a simple potentiometer to divide
up the anode speech potential so that the necessary portion of it may be
fed back to the grid circuit. The combined value of the two resistances
should be about ten times the value of the anode load, since the former
is in effect in parallel with the latter, while the value of R will normally
be between five and ten times the value of R;, so that the voltage fed
back is between one-sixth and one-eleventh of the speech-frequency
voltage across the output anode load.

The voltage fed back in this manner reduces the sensitivity of the
output stage very considerably, normally to the extent of about a fifth.
It is thus necessary that the preceding valve shall be capable of delivering
about five times the output, in order to preserve the same speech output
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from the pentode. It should be understood that though the sensitivity
is considerably reduced, the maximum speech output is not affected, and,
furthermore, the third harmonic distortion is reduced by approximately
the same factor as the reduction in gain. It is thus possible to reduce
serious third harmonic distortion to a very low percentage.

The introduction of negative feed-back has an effect that is synonymous
with a reduction of working impedance, resulting in a further improve-
ment in the quality of reproduction, since the low anode impedance will
considerably reduce loudspeaker resonance, which is normally noticeable
with a pentode valve owing to its relatively high dynamic impedance. It
should not be assumed
from these remarks that : — I [—"——

the anode load should l
bedeliberately reduced, 1 R'% Q
althoughsome variation < % ‘
is permissible. Some

manufacturers quote a R % I S|

value as the optimum
load which gives zero
second harmonic distor-
tion, in which case the
figure can be adhered
to, since negative feed-
back will take care of
third harmonic distor-
tion. When, however,
a pentode valve is work-
ing under conditions
other than zero second

harmonic distortion, it i to A satifact thod of anolon tive voltane foed
g ig. 163.—A satisfactory method of applying negative voltage feed-

ma . be desirable to back to a tetrode or pentode output valve.

modify the load.

Negative feed-back may be applied to pentode valves in push-pull, but
it is necessary that the transformer shall have two separate secondary
windings, so that the low-potential ends can be returned to the potential
divider across their respective anode circuits. When working pentodes
in push-pull with negative feed-back, both third and even harmonic dis-
tortion is taken care of. It is thus possible to increase the anode load
of each valve in order to obtain a little more output, making the total
anode to anode load, say, two-and-a-half times, instead of twice the
optimum load for a single valve.

Numerous methods of applying negative feed-back can be employed
and are divisible into two classes. When the feed-back is so arranged
that the voltage fed back is proportional to the current flowing through the
output load, the arrangement is known as negative current feed-back, and
while often convenient it has the disadvantage that it increases the effec-
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tive internal resistance of the amplifier. When feed-back is arranged so
that the voltage fed back is proportional to the voltage across the output
load the arrangement is known as negative voltage feed-back and is prefer-
able since it reduces the effective internal resistance of the amplifier.

Negative feed-back is quite applicable to a battery pentode, but its
use in a battery receiver is usually rendered impracticable by the reduc-
tion in sensitivity.

Paraphase Push-pull.—The push-pull output stage shown at Fig. 161
uses transformer coupling between it and the preceding stage. It is
possible to use resistance-capacity coupling by employing a special
circuit arrangement ; the normal anode resistance in the low-frequency
amplifier stage is divided into two sections, one occupying its usual place
in the anode circuit and the other being placed in the cathode lead.
The cathode and anode are 180° out of phase ; thus the anode ‘is
coupled through the usual coupling condenser and associated grid leak
to the grid of one output valve, the grid of the other output valve'is
coupled in a similar manner to the cathode of the low-frequency amplifier.

An alternative method necessitates the use of an additional valve in
the low-frequency stage. The low-frequency amplifying valve is coupled
by means of a coupling condenser and associated grid leak to one of the
output valves, the extra low-frequency valve being similarly coupled to
the other output valve. The normal low-frequency valve is driven by
the preceding stage, but the extra valve derives its operating voltage
from a tap on the anode resistance of the low-frequency valve. In this
way the anodes of the valves are exactly 180° out of phase and, by
varying the tap on the anode resistance, the voltage output of the two
valves can be made equal ; in practice the tap is formed by means of a
potentiometer across the anode resistance, which is so adjusted that no
sound is heard from a pair of headphones inserted in the high-tension lead
of the output valves. The headphones must necessarily be of relatively
low resistance, as the high-resistance type would probably be burnt out
by the heavy anode current.



CHAPTER 23
OUTPUT VALVES

OutpuT valves may be broadly divided into three classes: the triode,
pentode, and tetrode; such specialised types as the Class B output
valve being modifications which, from the constructional point of view,
may be considered as of a minor order.
The construction of the triode, pentode,
and tetrode shows considerable variation,
while their characteristics are widely
diverse, and the method of interpreting
the characteristic curves to obtain such
information as the optimum load is
different in each case.

The Triode.—The triode valve has
been described in an earlier chapter, but
some remarks are called for regarding the
output triode, which shows considerable
modification when compared with triodes
intended for use in earlier stages of the
receiver. The illustration (Fig. 164)
shows a typical mains output triode,
points of interest being the carbonised
anode to facilitate the dissipation of heat
and the grid which is constructed to pre-
vent its temperature rising to a point
which would make grid emission possible.
The copper supporting-wires, on which
the grid is wound, give the necessary heat
distribution. It should be noted that -
the example chosen is of the type in-  Fig 164—A typical directly heated
tended for use in receivers capable of fput triode.
working off either alternating or direct current mains supply. This type
of receiver is prone to introduce mains hum and, as a means of helping to
combat this tendency, the valve in question has the grid connected to a
terminal mounted on top of the bulb, so that it is well away from its heater
terminals. The normal output triode, however, has all four connections
taken to the pins on the base.

The anode of the valve illustrated at Fig. 164 has been treated by
carbonisation, a process which imparts to the anode a very thin coating
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of carbon to prevent secondary emission, and for similar purposes approxi-
mately three-quarters of the inside of the bulb is treated with a form of
carbon which is so finely powdered that it may be conveniently mixed
with water. The phenomenon of secondary emission has been described
in an earlier chapter ; it will be remembered that it takes the form of
electrons emitted from a substance as a result of an electronic bombard-
ment. Most metals will emit secondary electrons comparatively easily,
but carbon will not emit secondary electrons under conditions that are
likely to obtain in a normal output valve. The output triode, like all
other valves, is prone to considerable modification when mterpreted by
various manufacturers one example departs from convention to the
extent of having a grid placed between the control grid and anode. This
valve is, nevertheless, a triode, since the extra grid is internally strapped
to the anode an arrangement which reduces the internal impedance
without placmg the anode so close to the control grid that the latter mlght
suffer from grid emission through over-heating.

The Class B Triode.—The principle of Class B amplification requires
valves having special characteristics ; these special characteristics do not
result in the actual triode assembly possessing a distinctive appearance,
although the valve as a whole is distinguished by the fact that the two
necessary triode assemblies are mounted side by side in the same bulb.
The mounting of the two electrode assemblies as one valve is due solely
to considerations of economy and convenience. The valve is usually
capped with a seven-pin base, the two anodes and two grids being brought
out to separate pins. It is not necessary that the correct grid and
anode should be associated together, since it is immaterial, as the mput
and output circuits are completely symmetrical.

The Quiescent Pentode.—The superficial appearance of a Q.P.P.
output valve is similar to that of a Class B triode, inasmuch as two
assemblies are mounted in a single bulb. The difference in construction
lies in the addition of the auxiliary and suppressor grids; the latter are
connected together and strapped internally to the filament, while the
former are usually connected together and brought out to a single pin.
There is at least one type of quiescent pentode with the auxiliary grids
brought out to separate pins, permitting slightly different potentials
to be applied for the purpose of matching the anode current of the two
sections.

The Pentode.—As its name implies, the pentode has five electrodes:
the cathode, or filament, the control grid, auxiliary grid, suppressor grid,
and anode. The term aux1hary grid is used in place of the term screening
grid when referring to an output pentode ; although this grid has the
same electronic action as the screening grid of an H.F. pentode, it is not
constructed in a manner that allows it to be regarded as a screen for the
purpose of reducing grid/anode capacity.

The battery-type pentode usually employs a circular inner grid and
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rectangular auxiliary grid, suppressor grid, and anode. The mains pen-
tode, however, is a very much more elaborate affair, as precautions have
to be taken to eliminate the possibility of secondary emission and grid
emission. Fig. 165 shows a typical output pentode which may be
regarded as a good example of valve design, and, consequently, a few
remarks regarding its construction may be of interest.

The pentode shown at Fig. 165 has a flat cathode containing an M
filament rated at 4 volts, z amps ; the high heater wattage being necessary
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to bring about the high value of mutual conductance, which is about
8 mA/V. The control grid is made of nickel-chrome alloy wire, and has
copper supporting-wires of exceptionally thick gauge which terminate in
cooling-fins ; both precautions being intended to maintain the grid at a
sufficiently low temperature to preclude the possibility of grid emission.
These precautions are very necessary, since the valve has a total dissipa-
tion of nearly 20 watts: 8 watts for the heater, 8 for the anode, and over
2 for the screen. The auxiliary grid is of normal construction, the same
remark being applicable to the suppressor grid, which is of very open
spacing. The anode is carbonised, to improve its radiation properties as
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a further contribution towards maintaining the whole structure at a low
operating temperature. _

Almost the whole of the interior of the glass bulb is covered with a fine
carbon deposit to prevent the emission of secondary electrons. The
inner wall of the bulb is continually bombarded by electrons which have
missed the auxiliary grid and anode and ultimately impinged on the bulb.
This continuous bombardment would normally cause secondary emission
from the glass to the highest positively charged electrode, namely, the
anode. This unwanted contribution to the anode current would be of a
random nature, since it would not necessarily be proportional to the
instantaneous grid voltage ; in this way a portion of the anode current
would be outside the control of the grid, a set of conditions which will
introduce distortion.

The output pentode as interpreted by various manufacturers shows
wide diversity of design. The remarks made about the example at
Fig. 165 may, nevertheless, be regarded as being of a general nature.

The Output Tetrode.—The possibility of employing a tetrode valve
was realised at about the same time as official broadcasting was com-
menced in this country, but until comparatively recently the character-
istic of a tetrode was thought to be inseparable from the negative resist-
ance kink which was fully explained in Chapter 14. This non-linearity
of characteristic rendered the valve quite unsuitable for use in the output
stage, where large anode swings are necessary in the interests of large
output.

IF has been found that suitable modifications of the tetrode assembly
will almost entirely remove the negative resistance kink, although careful
examination of the anode current curve of an output tetrode will show
that a slight trace still remains. The necessary modification consists of
placing the anode at an adequate distance from the other electrodes, so
that its immediate vicinity is not greatly influenced by the voltage-field
of the auxiliary grid. Furthermore, the anode is provided with fins
which effectively prevent slow-moving electrons from returning to the
auxiliary grid.

Relative Advantages.—The normal broad types of output valves have
been briefly outlined above. It is now necessary that some remarks
should be made regarding their relative advantages. It will not be
necessary to dwell upon the application of the Class B and quiescent
pentode valves, since their peculiar advantages are apparent.

The triode valve is inefficient from the point of view of speech-output
available from a given anode dissipation. The usual type of triode
seldom exceeds an efficiency of 25 per cent. On the other hand, the
triode is entirely free from third harmonic distortion, and, for this reason
alone, it is rapidly effecting a return to popularity. The sensitivity of a
triode valve is also low, and consequently a relatively large input is
required for a given output; a disadvantage that may perhaps be off-set
by the tolerance of the valve towards the condition of over-load which
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allows the valve to be run at a relatively high mean speech-output, since
the occasional over-load due to very heavy orchestration may be con-
sidered tolerable when compared with a pentode working under similar
conditions. The triode is also tolerant to incorrect anode load, but this
cannot be considered as a true advantage, since there is no reason why
the optimum load should be seriously modified.

The pentode is identified by its higher efficiency—examples being not
uncommon which permit speech-output equal to 40 per cent. of the
anode dissipation, and, slope for slope, the sensitivity of the pentode is
higher than the triode. Against this it is necessary to weigh the dis-
advantages, which are the presence of third harmonic distortion, the
tendency to permit loudspeaker resonance owing to high internal impe-
dance, a very noticeableintolerance towards over-loading, and the tendency
to attenuate the higher audio-frequencies owing to high output capacity,
i.e. the capacity existing between the anode and all other electrodes

The output tetrode may be regarded as a modified pentode, and all the
remarks made about the latter are applicable to the former, with the
exception of those relating to loudspeaker resonance and high-note
attenuation. The impedance of an output tetrode tends to be lower than
that of a pentode, and provides a certain amount of damping which
reduces loudspeaker resonance. Since a characteristic of the tetrode is
the somewhat remote placing of the anode, it follows that the output
capacity of this class of valve is relatively low. It would appear, there-
fore, that the tetrode may be regarded as a pentode capable of giving a
superior quality of reproduction ; there is, however, some doubt in
the author’s mind, as practice does not seem to completely sub-
stantiate this claim.

Detector Output Valves.—Output pentodes and tetrodes are available
with assemblies that are modified to include one or two small anodes
which, with the cathode, form small diodes. This arrangement is
intended to allow the output stage to perform the dual function of
detector and output, and is made possible by the high sensitivity of such
valves, since they may be easily loaded direct from the diode detector
without demanding an excessive output from the intermediate-frequency
amplifier.

Optimum Load.—The method of determining the optimum load is
usually by means of a set of anode-volts/anode-current curves. Fig. 166
shows a typical family of curves taken from a directly heated triode
having an anode dissipation of 12 watts, and rated for a maximum anode
voltage of 250 volts. The first step is to find the operating-point which
will normally be the maximum permissible. Since the valve is rated for
250 volts, 12 watts, the application of Ohm’s law will show that the
operating-point is 250 volts, 48 milliampéres, which may be marked on
the curve where these two lines intercept, marked I, in the illustration.
Since the valve is directly heated, it may be allowed to swing from Vg = o
to twice the grid bias, which is 57 volts (curve shown dotted). It may be
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observed by drawing an imaginary line through I, parallel to Vg — 30
that the grid bias is 28-5 volts. It is now necessary to draw a line
between Vg = o and Vg — 57 at such an angle that the distance I max.
to I, is equal to the distance I, to I min. multiplied by 4i, since this
relationship will introduce 5 per cent. second harmonic distortion. The
use of a ruler graded in millimetres will show that the distance I; to
I min. is 63 millimetres, which multiplied by % = 77 millimetres. The
distance I; to I max. is also 77 millimetres, thus the line I max., I min.
fulfils the required condition.

A celluloid ruler is available, which is so graded that the divisions on
one side of the centre zero are equal in length to AL of the divisions on
the other side. 'When such a ruler is available, it is merely necessary to
place the centre zero on the operating-point and revolve it until the
division nearest to Vg — o bears the same numbers as the division
nearest to Vg — 57.

The next step is to determine the impedance represented by the load
line. It will be noticed that it shows a change in current of 80 milli-
ampéres, 7.e. a swing from 12 to 9z milliampéres and a change in voltage
of 250 volts, 7.e. a swing from 115 to 365 volts. To obtain impedance it
is necessary to divide the voltage by the current, bearing in mind that
the former must be expressed in millivolts, since the current is in milli-
ampéres. 250,000 divided by 8o = 3,125 ohms or, in round figures,
3,000 ohms.

Undistorted Output,—The same values required to determine the
optimum load may be used to determine the speech-output by means of
the following formula :

1 (I max. — I min.) (V max. — V min.)

the various factors being determined from Fig. 166. It will be remem-
bered that the voltage change from the points marked I max. and
I min. was 250 volts, and the current change, I max. — I min., was
8o milliampéres, which is -08 ampére. 250 X -08 is 2o, which multiplied
by } = 2-5 watts.

It is possible to calculate the optimum load and undistorted output
by means of Brain’s formula, which will be found in “ The Radio
Circuits and Data Volume,” but this formula, although extremely useful,
is not always reliable and is sometimes capable of considerable error,
particularly when applied to indirectly heated triodes. Nowadays valve
manufacturers publish this figure which may be accepted with confidence.

The Optimum Load (Pentode).—The calculation of the optimum load
for a pentode valve presents certain difficulties, since there is no ready
method of determining the angle of the load line, and several experimental
load lines must be drawn and further curves plotted from the information
thus obtained. Fig. 167 shows a dynamic grid-volts characteristic, which
is arrived at by plotting the anode current for various grid voltages read
from the points where the load line intercepts the grid voltage curves.
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From the curve thus obtained the third harmonic distortion can be
determined by the following formula : :
X—-Y

Third Harmonic Distortion (per cent.) = I max — 1
T o

X 100
when I max. — I, is the swing between the operating-point and I max.,
and X — Y is the deviation between the actual anode current at the
mid-point between I,
70 : and I max., and the
ideal condition, which
—-hmax L) straight line join-
ing I max., I, and I
min. There are other

72/— —---X methods of determin-
/]

=)

o
AN

.

A I ing both optimum

load and harmonic

/ distortion for a pen-

tode or tetrode valve,

but the simplest is

--lo that described above.

It should be under-

stood that the total

/ harmonic distortion of

/ / a pentode valve can-

not be obtained by

// the mere addition of

the figures for each

type of distortion, but

must be combined by

adding them vectori-
ally.

Harmonic Distor-
tion, Class B.—
0 Reference was made
8 6 4 2 0 in the previous chap-

GRID VOLTS ter to the performance

of the Class B output

Fig. 167.—The text describes how the third harmonic distortion can
be calculated from data obtained from the above drawing. Sy stem 4 an d the
manner in which the

plate current varied with input. It is therefore interesting to study
the set of curves shown at Fig. 168, which shows the grid current,
harmonic distortion, plate current, and power output plotted against
various input voltages. It should be noted that the driver and Class B
valve have been considered as a single stage, and the curves in question
show the combined performance of the two valves, that is to say, the
input volts are the R.M.S. value of the signal fed to the driver, the plate
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current is the combined current for both valves, and the harmonic curve
shows the combined distortion of all harmonics for both valves ; the
power output curve naturally relates to the Class B valve only. Itis
interesting to note that the harmonic content rises rather abruptly when
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Fig. 168.—Performance curves of a Class B output stage. The carves show the combined performance
of driver and output valves.

the input exceeds 5 volts ; it is therefore reasonable to conclude that the
maximum permissible input to the driver valve is in the region of 6 volts
R.M.S. This illustration is interesting, since the whole question of
Class B harmonic distortion seems to have been wrapped in mystery.
The curve shown at Fig. 168 was taken from a typical small power valve
as driver and a typical Class B valve, and, since an output of 2 watts is
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obtainable without exceeding 6 per cent. total harmonic distortion,
there appears to be no reason for this reticence.

Automatic Bias.—In all stages other than the output stage the bias
resistance bypass condenser may be regarded as a means of holding the
cathode at earth potential from the A.C. standpoint, and, generally speak-
ing, a relatively small capacity is adequate. The bypass condenser
across the bias resistance of the output stage must necessarily be rather
large to avoid the attenuation of the lowest frequency. The bias resistor
is virtually in series with the anode load, and, when the latter takes the
form of a loudspeaker transformer, its impedance at the lowest audible
frequencies is comparable with the resistance; a condition which will
cause considerable loss of bass. To overcome this possibility it is neces-!
sary to use a large condenser, usually 25 or 50 microfarads, so that the
reactance is low compared with the anode load. For this purpose the
electrolytic condenser will normally be used for the sake of economy!
and compactness.



CHAPTER 24
THE LOUDSPEAKER

BeFore describing the more important types of loudspeakers it will be
advantageous to outline the requirements for ordinary domestic pur-
poses. It is desirable, but not essential, that a loudspeaker should
possess reasonable sensitivity, judged on the basis of apparent volume for
a given input of energy from the output stage of a radio receiver or
amplifier. It is important that the loudspeaker should have reasonably
even frequency response over the audio range associated with
broadcasting, which will generally be 25-7,000 cycles per second, or
25-12,000 cycles per second for

FM broadcasting,andnotintroduce

spurious frequencies. In order to /CONE LAMINATED
eliminate the possibility of audible POLE PIECE—
distress, i.e. rattling and buzzing,

the loudspeaker must have ade-

quate power-handling capacity ; REED COIL
it is generally accepted that the >

power-handling capacity should
be 50 per cent. greater than the
maximum power that it will be —_——
called upon to handle.

Reed Types.—The most simple
type of loudspeaker, ignoring the
metal diaphragm horn type, which
can be considered as obsolete, is
the reed type which is shown at
Fig. 169 ; these are still sometimes
used in small low-priced midget
receivers, but reference is made
primarily to serve as a basic intro-
duction to loudspeaker technique.
The driving mechanism comprises
a permanel}t magnet' around t}_le Fig. 169.—A reed-type loudspeaker ; some examples
poles of which are placed two coils have a coil on both pole pieces
which will have a D.C. resistance in
the neighbourhood of 1,000 ohms. Unless adversely influenced by price
considerations, the magnet will have a fair cross-section area, and will
be perhaps half an inch by one inch and made of tungsten or cobalt
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steel. The moving element consists of an iron reed firmly anchored to
the apex of the diaphragm ; it is important that the total mass should
be as light as possible consistent with the necessary rigidity. It is

equally important that the reed should be incapable of even small '

movement without the diaphragm, and vice versa. The reed must
possess sufficient length to permit of the necessary flexibility, while, on
the other hand, it must be sufficiently springy to prevent the magnetism
of the pole pieces from drawing it into contact. These requirements call for
some care in design, since, in the interests of sensitivity, the gap between
the pole piece and reed must be relatively small, as the strength of the
magnetic field will vary in inverse proportion to the length of the gap.

The reed is generally connected to the diaphragm by a short, stiff bar
fixed to the latter by fairly large conical washers to achieve rigidity.
The diaphragm, which is colloquially referred to as the cone, must be
both light and rigid, and is usually made of suitable paper which is
specially manufactured for the purpose. The cone is connected to the
edge of some fixed surround by means of flexible material, which is
intended to isolate the front from the back while allowing free movement.
It is probable that the very best substance for this purpose is thin chamois
leather, but preference is given to light, flexible, densely woven cloth
when expense prohibits the use of leather.

The ““ fixed support,” referred to above, usually takes the form of a
suitable circular hole in a flat wooden board or cabinet which is of such
dimension that the shortest distance between one side of the cone and
the other is not less than some 18 inches. This barrier is known as the
baffle, and is made necessary by the fact that the displacement of air on

one side of the cone is out of phase with the displacement on the other '

side, which would cause acoustic interference in the absence of an
adequate baffle.

The mechanism shown at Fig. 169 is actuated by the audio-frequency '
current in the output stage passing through the coils and automatically .
increasing and decreasing the strength of the magnet and, consequently,
the pull on the reed. The latter, being under tension from its own
springiness, will move backwards and forwards in sympathy with the
instantaneous pull of the magnet, and, in so doing, will move the cone
backwards and forwards. It is practically essential that some adjust-
ment be provided to vary the relative positions of magnet and reed to
permit a suitable compromise between sensitivity and power-handling
capacity. ‘

The simple reed speaker abounds with disadvantages; it has been
mentioned that the D.C. resistance of the coils will be in the neighbour-
hood of 1,000 ohms, but this figure is quite unrelated to the speech-
frequency impedance, which varies widely at different frequencies, and, by
offering an inconstant load to the output valve, results in uneven outpuf.
The impedance variation is quite remarkable, and there are many types
in existence which have an impedance of less than 50 ohms at 60 cycles
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and more than 500,000 ohms at 5,000 cycles. They have, nevertheless,
proved acceptable to thousands of people, with no aid other than a
condenser connected across the winding to limit impedance at the
higher frequencies.

As the reed moves towards and away from the magnet the pull of the
latter will vary, not in a linear manner, but in proportion to the square
of the distance ; consequently the movement of the cone is not directly
proportional to the current, since the movement in one direction will be
different from the movement in the other direction, and if the input is
sinusoidal the acoustic wave form of the output will exhibit distortion
similar to second harmonic distortion. The percentage of distortion
introduced in this manner is obviously proportional to the movement of
the reed, and will, for this reason, be most noticeable on the lower fre-
quencies. Some slight improvement can be effected by so arranging the
reed that it approaches the pole piece at a suitable angle, but it is
doubtful whether any worthwhile improvement can be achieved. Other
spurious frequencies are introduced by various resonances, particularly
those associated with the coupling bar and the cabinet or baffle.

Balanced Armature Mechanism.—The mechanism shown at Fig. 170
is a modification of the simple reed movement designed to overcome non-
linear relationship
between current and
armature movement.

It will be observed
that the armature is

pivoted at the centre ]""’Tf; —

and free to move for -_-‘_.:3;1:'.'s:g"j}“l-:-f?;\
a short distance in PRS- | Srs ol PN

either direction ; it is . L
held at rest midway I
between the magnets l o l
P
\

by means of a flexible L.
suspension which will { :

be provided with %
some form of adjust- D0 %.;:'71| ——*i ~—J 55, o0
HU[I;S.:-’.-:-‘.J

ment for centring NOCEPERet.
El %{ggssﬁ?p ’Il‘)}é?cwereerl Fig. 170.—Section of a balanced armature loudspeaker.

current and cone movement is sensibly linear over a small range,
but departs from linearity when the output is increased, resulting in
the introduction of spurious harmonics. This type of mechanism
suffers from the disadvantage that the natural frequency of the moving
member is rather high, resulting in serious attenuation of the lower
frequencies. The natural frequency may be lowered by the introduction
of mechanical damping, but this results in considerable loss of sensitivity.
The balanced armature loudspeaker enjoyed a certain popularity at the

R.T. I—I4
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time of its introduction ; it is, however, relatively costly, and has, there-
fore, been completely superseded by the moving-coil loudspeaker, which
is very much more efficient.

The Inductor Dynamic Loudspeaker.——The inductor dynamic loud-
speaker was introduced some ten years ago—when it was hailed as a great
discovery, since it was able to handle quite considerable output and
avoided many of the disadvantages of the moving-reed and balanced
armature types. Owing to the considerable available movement of the
cone, it was able to handle the lower frequencies with comparative ease,
but, owing to the weight of the moving member, suffered from very bad
high-note attenuation. As the result of these two features, reproduction
was of a deep and somewhat sepulchral tone, which some listeners mistook
for bass reproduction.
Admittedly, at least

2\ one interpretation of
FLEXIBLE MOUNTING— the inductor dynamic
speaker was capable
of reasonably good
reproduction, but
once again the
moving-coil loud-

N\ speaker offered at a

(_I;:I'r'-":':'PERMANENT':.-.".-.:.-_.. ScPEECH CONE popular price became

b olL the principal type of
it / loudspeaker.

The Moving-
coil Loudspeaker.—
Fig. 171 shows the
cross-sectional area of
a permanent-magnet
moving-coil loud-
speaker. It consists
of a relatively mas-
sive magnet of high
flux density provided
with a very small cir-
cular air gap—which
is often no more than

ng -03 inch.
7 The moving por-
Fig. 171.—Simplified section of a permanent-magnet moving-coil tion consists of a

loudspeaker ; the chassis has been omitted for simplicity but may e g
be seen in Fig. 174. coil of light but

SPIDER

strong construction
fixed to the apex of a cone which is freely suspended by chamois leather
or othersupple material. The coil usually consists of an impregnatedpaper
or aluminium-foil former, wound with some 20-50 turns of fine wire, and
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having an impedance in the neighbourhood of 2 ohms. Since this coil
must be capable of moving backwards and forwards between the pole
pieces with very little clearance, some means must be available for
flexibly anchoring the coil to prevent side movement. This is usually
accomplished by means of a flexible paper centring device, which is
permanently secured to the coil and anchored at its centre by a screw
which is tapped into the centre of the magnet.

Such a device is termed the spider, a typical SPIDER SPEECH
example of which is shown at Fig. 172. Gener- { eoiL
ally speaking, the hole in the centre of the spider

will be somewhat larger than the screw, allowing

a slight adjustment for the purpose of accurately

centring the coil. )

It is apparent from the illustration that the
moving section of a moving-coil speaker can be
extremely light, and can be capable of con-
siderable backward and forward movement,
providing that the spider is suitably designed Fig. 172.—a typical * spider.”
and the annular surround sufficiently flexible.

The impedance of the coil, which is usually termed the speech-coil, will
be somewhat similar to its D.C. resistance, and must be fed by a trans-
former in order to provide the output valve with a load of adequate
impedance. Low-impedance coils are almost entirely independent of
frequency, the usual variation being from, say, 2 to 21 ohms at 25,000
and 7,000 cycles per second, respectively. When current is passed
through the coil it 1s caused to move inwards or outwards according to
the direction of flow and the polarity of the magnet. Movement of the
order of a } inch is not unusual with the larger type of domestic
moving-coil speaker. Since the impedance of the coil is sensibly constant
for the audible range, it might be expected that the input to output ratio
might be equally constant, and, in fact, is nearly so. Some frequency
discrimination, however, arises from losses in the iron of the magnet and
phase shift between coil current and the resultant magnetic flux. It is
interesting to note that the radial field of the magnet is at right angles
to the coil, with the result that interaction between the magnetic field
and the field from the coil is of negligible proportions.

The moving-coil loudspeaker undoubtedly represents the most efficient
form of sound reproducer for normal purposes, but it should not be con-
sidered as nearing perfection. A stress has been laid upon the level
frequency characteristics of the coil, but the acoustic response is subject
to certain irregularities which are due to spurious frequencies introduced
at low frequencies by the spider and the annular suspension offering
mechanical resistance towards the termination of the comparatively
large movement of the cone at these frequencies. Furthermore, the cone
itself cannot be considered as a rigid structure, since limitations of
rigidity are imposed by the necessity of reducing weight to a minimum.
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The entire moving assembly will undoubtedly possess resonance, and so
will the baffle. With good design, however, the former is very small
when compared with the latter. When the loudspeaker forms an
integral part of a radio receiver, and has components, valves, and other
obstructions placed immediately behind it, undesirable frequencies are
introduced by the resonance of these varying objects. This distortion
often reaches such large proportions that an obvious improvement can
be effected by removing the loudspeaker from the receiver and fitting it
on a separate baffle-board.

In the interests of minimising baffle or cabinet resonance, some care
should be given to the design of these accessories. The modern tendency
of using ply-wood is to be deprecated, as this material is prone to reso-
nance. Soft pine wood of adequate thickness is a convenient and efficient
material and, when made in the form of a cabinet, the depth of the
structure should be as small as possible ; but where consideration of con-
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Fig. 173.—A typical response-curve.

venience calls for the cabinet to be deep in comparison to the width
some improvement may be effected by lining the loudspeaker compart-
ment with sound-absorbing material.

Fig. 173 shows the response-curve of a typical low-impedance coil loud-
speaker having a cone diameter of approximately 1o inches. It will be
observed that a small section is shown dotted, since the considerable
deviation at this point is due to the resonance of the baffle on which it is
mounted, and cannot be fairly considered as a defect in the loudspeaker.
Some readers may be surprised at the irregularities in response when
comparing them with certain published curves of loudspeakers which
show a practically straight line. It is necessary to point out that the
curve shown at Fig. 173 represents the actual response determined by
means of a microphone of excellent characteristics placed in a room
with a loudspeaker, the room being completely lined with many layers
of sound-absorbing material. The almost straight-line characteristics
are response-curves showing the actual impedance of the speaker at
various frequencies, as distinct from its acoustic output.
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Energised Moving-coil Speakers.— The loudspeaker shown at
Fig. 171 is of the permanent-magnet type, that is to say, the magnet is
of hard steel and magnetised during the process of manufacture. There
is an alternative type known as the energised moving-coil speaker which
differs inasmuch as the permanent magnet is replaced by an electro-
magnet ; the hard steel inner and outer poles being replaced by soft iron
or mild steel, which is magnetised by means of a coil placed round the
pole piece, the whole
arrangement  being
shown at Fig. 174. A
few years ago the . Py
energised speaker was CHASSIS o7
very much more y
efficient than the per- HUM _BUCKING coiL =~
manent-magnet /(f

~

b

speaker, but the A T Z
difference in efficiency Rl 0 e e
has narrowed con- . ENERGISING  COIL D

siderably due to re-
cent improvements, 2R TRy
with the result that TN ‘
the superiority of one P SRR e | |‘
|
l
|

type over the other 'TN

I
is not very marked, vl |
but, nevertheless, the ol o

—= <.: = [
§
AN

mains-energised type G

still retains sufficient

superiority to bring \

about slightly im- X

proved bass response. Ny
The  mains-ener-

gised type has two \@

minor  advantages ;

the permanent-mag-

net type is apt to Fig. 174.—Section of an energiszgi]loudspeaker with hum bucking
deteriorate both with '

use and age, although it retains its magnetic properties long enough to
outlast the average life of a modern receiver. It sometimes occurs in
the course of ordinary usage that a particle of some ferrous material,
t.e. a fragment of iron, becomes drawn into the gap, and, by lightly
touching both coil and magnet, causes an unpleasant jarring noise which
will be most noticeable when the speaker is reproducing some particular
frequency. Once this particle has become lodged it cannot be easily
removed, as it is held in the grip of a powerful magnet. This criticism
does not apply to the energised type, since the magnets are practically
demagnetised when the energising current is switched off.
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The energising current must be D.C. current, and may be supplied in |
several ways. As mentioned in an earlier chapter, the flux density of an
energised magnet is dependent upon ampére turns ; it is apparent, there-
fore, that the coil may consist of a relatively small number of turns of thick
wire through which a considerable current is passed or, alternatively, a
large number of turns of thin wire through which a small current is passed.
It is equally apparent that a low voltage will drive the current through
the former type of coil, since the resistance of the wire will be relatively
low, but the converse applies in the latter case, assuming, of course, that |
the weight of wire is approximately the same in each case.

The most obvious method of energising the speaker is direct from the
same supply that is used to provide high-tension current for the various
valves. The gauge of wire and number of turns are so proportioned that |
the required flux density is achieved by the current which will flow when
the total available voltage is applied across the ends of the energising
coil. This arrangement is not usually employed, except in receivers
intended to work from D.C. current mains.

When an energised speaker is used in a receiver working from A.C.
mains, it is convenient to energise it by allowing the total anode
current of the valves to pass through it or, alternatively, the current
to the last valve. When the magnet is energised by the total anode
current, it is convenient to allow the energising coil to serve the dual
purpose of energising the magnet and assisting in the suppression of mains
hum, a subject which is dealt with separately in the appropriate chapter.

When it is convenient to energise the speaker by the anode current of
the output valve, it is again possible to serve a dual purpose, since the
coil can act as an output choke permitting the speech-coil to be fed
through a suitable condenser so that D.C. is excluded, which will
result in increased bass response, since the inductance of the loud-
speaker transformer will be increased owing to the absence of D.C.
passing through the primary winding.

The Loudspeaker Magnet.—It is impossible to generalise on magnets
associated with reed, balanced armature, and inductor dynamic mechan-
isms, but some observations may be made regarding the magnets of
moving-coil types. The flux density across the gap of a permanent-!
magnet speaker is dependent upon the quality of the magnet and the
dimension of the gap. As an example, however, it will be convenient to
refer toa magnet where the gap has a mean diameter of 1 inch, a depth of
-3 inch, and an actual gap-width of -04 inch. Magnets of approximately
these dimensions have a flux density of more than 8,000 lines per square
centimetre ; greater density is possible, and speakers are available with
magnets having a flux density of some 15,000 lines per square
centimetre, but their use is limited, since the gap-width is reduced to
such an extent that the speaker is liable to show signs of mechanical!
distress when the output exceeds that associated with battery receivers.

The energised -speaker usually has a slightly larger gap-width, since it

|
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will be used in a high power amplifier, and will normally be called up to
handle a very large output. Assuming, however, that the gap-width and
other dimensions are as given above, it will be possible to realise a flux
density of the order of 10,000 lines per square centimetre when the
magnetising force is 3,000 ampére turns. It is interesting to note
that under these conditions less than 75 per cent. of the total lines of
force will pass across the gap, the remainder forming a field outside it
which is referred to as the flux leakage. It should be understood that
this figure is only a vague generalisation, as it is influenced by a number
of factors, including actual shape of the magnet and the material from
which it is made.

Efficiency.—Comment has already been made on moving-coil loud-
speaker efficiency from the point of view of quality of reproduction, and
some mention may usefully be made regarding the power efficiency.
Here, again, it is only possible to attempt a vague generalisation. A
high flux density loudspeaker conforming to the specification already
referred to will be capable of handling an input of about 4 watts, and
will give an acoustic output of -75 watt ; while at half the input, namely
2 watts, it will give an acoustic output of 5 watt. These figures are
quoted from tests made on a popular commercial speaker employing an
8-inch cone having a total weight of 2 grammes, including the speech-
coil and employing very light suspension.

Output Transformers.—It has been suggested that 2 ohms is a reason-
able impedance for the speech-coil of a moving-coil speaker, although
examples of commercially manufactured speakers show variation between
1 and 5 ohms. It will, however, be convenient to continue to use 2 ohms
as an example. It is apparent from the previous chapter that the anode
load required by an output valve is some thousands of ohms, and means
must be found to reconcile the anode load required by the valve with the
impedance of the speech-coil ; this is accomplished by the use of an
output transformer, the ratio of which will be such that the impedance of
the coil is raised to the required value. The ratio of an output trans-
former may be determined by the following simple equation :

Required impedance
Speech-coil impedance

This formula shows the true ratio that is required, but may be used to
determine the turns ratio, for which purpose it is accurate when the ratio
does not exceed about 50 : 1 ; above this figure the inaccuracy is appreci-
able, due to losses which cause the turns ratio to be different from the
true ratio as obtained by measurement.

The output transformer may have a profound influence on the response-
curve of the output stage as a whole. In order to preserve the lower
frequencies it is necessary to have high primary inductance, which means
a large number of turns; and a large number of turns is apt to mean high
self-capacity, which will attenuate the higher frequencies. The average

Ratio
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well-designed transformer is generally satisfactory, due to the use of
interleaved windings to reduce the self-capacity. There is, however, a
tendency for the average output transformer to fall off below 100 cycles
per second, but an improvement can be made by parallel feeding the
primary to relieve it of the D.C. component of the output valve anode
circuit.

Hum Bucking.—When the energising current of a mains-energised
speaker is derived from rectified A.C., there is a considerable possibility
of hum arising from ripple, particularly when the energising coil 1is
used for smoothing purposes. This is overcome by means of a hum-
bucking coil, which consists of some twenty or thirty turns of wire
tightly coupled to the energising coil, and connected in series with the
speech-coil. The hum-bucking coil is so connected to the speech-coil that
it deliberately introduces a ripple voltage which is out of phase with
the directly introduced ripple voltage and, if the proportions are correct,
the ripple is cancelled out.

The Crystal Tweeter.—The piezo-electric loud speaker, which is|
almost invariably referred to by its colloquial name of crystal’
tweeter or, in America, simply as the tweeter, is intended to be used in
conjunction with a moving-coil speaker for the purpose of increasing the
frequency response at the top end of the audible scale. This type of |
speaker has a response that is relatively small around 2,000 cycles per
second, rising rapidly as the frequency is increased. It may be used to
overcome the shortcomings of a moving-coil speaker, or to extend the
range into regions well above 6,000 cycles per second—where the response
of a moving-coil speaker begins to fall off rather rapidly. The piezo-|
electric tweeter is also used deliberately to accentuate the response of
the upper half of the normal audio-frequency range to overcome high-
note loss in cinemas and similar buildings ; it will be remembered that
the higher frequencies are easily absorbed by soft material, 7.e. drapings
and furnishings.

The functioning of this speaker is dependent upon the fact that a
suitable section of a Rochelle salt crystal will vibrate in sympathy with
an alternating potential connected across it.

Directional Loudspeakers.—The most familiar type of directional
speaker is probably the horn type that was in general use at the inception
of broadcasting. Many readers will recollect that it consisted of little
more than a telephone earpiece provided with a horn forming an air,
column to provide a load for the diaphragm. The modern horn'
speaker uses a moving-coil movement, and is intended for use when
directional properties are advantageous. Such a loudspeaker is illus-
trated diagrammatically at Fig. 175. This type of speaker is capable of
giving extremely faithful reproduction when the horn is suitably shaped, |
that is to say, when its diameter increases according to an exponential
law and its length is sufficient to provide a sensibly constant load on the
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diaphragm over the whole audio-frequency range. An excellent example
of this loudspeaker was built for the Science Museum, the horn having
a length of approxi-
mately 22-5 feet.

Another type of
directional speaker is
substantia