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The subject of Long Line Equipment is presented in three books -

LONG LINE EQUIPMENT I includes the elementary theory of transmission, principles of carrier
telephony and telegraphy, details of the apparatus used and information about crosstalk and
power plant.

LONG LINE EQUIPMENT II includes voice frequency repeaters, signalling on frunk circuits,
description of carrier telephone and telegraph systems and radio programme transmission
over trunk lines.

IONG LINE EQUIPMENT IIT includes long line installation, maintenance and testing notes,
line considerations, and transmission measurements.
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ELEMENTARY THEORY OF TRANSMISSION.

CONTENTS:
1. INTRODUCTION.
2, PRIMARY CONSTANTS OF A TELEPHONE LINE.
3. ELECTROMAGNETIC WAVES.
4. PHYSICAL CONCEPTION OF WAVE PROPAGATION ALONG LINES.
5. REFLECTION.
6., CHARACTERISTIC IMPEDANCE.
7. TERMINATICN OF A LINE IN ITS CHARACTERISTIC IMPEDANCE.
8. WAVELENGTH AND WAVELENGTH CONSTANT.
9. VELOCITY OF PRCPAGATION.
10. TRANSMISSION MEASURING UNITS - THE DECIBEL AND NEPER.
11. ATTENUATION AND ATTENUATION CONSTANT.
12, STANDARD GRADE OF OVERALL TRANSMISSION.
13, PROPAGATION CONSTANT.,
1L, USE OF TRANSFORMERS IN SECURING UNIFORMITY.

15, TEST QUESTIONS.

1. INTRODUCTION.

1.1 This subject of Long Line Communication deals with the theory and practice of provide
ing Telephone and Telegraph Transmission and Signalling over lines (generally trunk
lines) of considerable length. Broadly speaking, Long Line Communication is con-
cerned with two problems =

(1) Improving the performance of line plant so that it transmits a wider
range of frequencies over distances longer than those normally
encountered in the local comnections studied up to the present and
in such a manner that all frequencies in the range, or predetermined
portions of it, are affected equally by the line characteristics.

(2) Increasing the efficiency of line plant so that a number of communication
channels can be obtained from each wire pair, or physical circuit as each
wire pair is termed.
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1.2 It is desirable that the student should have some idea of what is involved in each
problem before proceeding with a detailed study, otherwise the different sections dealt
vith may not appear relevant, For this reason, the two problems outlined above are
expanded, using general terms only, as follows -

Problem (1).

Earlier studies have shown that intelligible sneech involves the transmission of a band
of frequencies extending from about 200 ¢/s up to about 3,000 c/s. This transmission

of a band of frequencies, rather than a single frequency, is because speech sounds are
extremely complex and contain many frequencies present simultaneously, the band mentioned
above containing the most important. The lower frequencies determine the pitch of the
speech whilst the higher frequencies, that is, the harmonics, govern the intelligibility.
By varying the number and the amplitude and phase relations of the harmonics, different
consonant and vowel sounds are produced on the same fundamental. To preserve intelli-
gibility, the amplitude and phase relations present in the original speech must be maine
tained during transmission. All telephone lines contain series inductance and resist-
ance and shunt capacitance and leakance and, with this in mind, four effects are produced
on a band of speech frequencies transmitted over a line.

(i) The series inductance of a line "irons out" the higher frequencies to a
greater extent than the lower frequencies, whilst the shunt capacitance
"drains" a greater proportion of the higher frequencies away from the
receiving equipment, so producing incorrect armplitude relations at the
equipment and impairing intelligibility.

(i1i) The reactive elements mentioned above produce phase angles between
current and voltage which vary with frequency, so further impairing
intelligibility.

(1ii) An equal proportion of the applied voltage is "dropped" across the series
resistance and inductance of each section (say, mile) of line, and an
equal proportion of the current sent into the line is drained away by
the shunt resistance and capacitance of each similar section. This occurs
at 211 frequencies, and means that the length of any type of line over
which satisfactory transmission is possible is limited, the limit being
reached when the received current and voltage become too small to be
useful.

(iv) The vreceding e“fect increases as the frequency rises, because inductive
reactances increase vhilst capacitive reactances decrease as the
frequency rises.

It is apparent that there is an upper limit of frequency above which transmission over
a line is impossible without the aid of special equipment. The first problem, there
fore, consists largely of examining how the behaviour of a line varies with frequency
and evolving methods of correcting that varying behaviour.

Problem {2).

The efficiency of line plant is raised for economic reasons. Long trunk lines are
extremely costly, and it is desirable, for economic reasons, to obtain as many
communication channels as possible from each physical circuit. As discussed more
fully later, this is done by translating the voice frequency bands from a number of
telephones up into different bands of higher frequencies. These bands are simultane-
ously transmitted over the same physical circuit, suitable selective circuits directing
each band of frequencies to its appropriate equipment for retranslation prior to apply-
ing the resultant voice frequencies to the appropriate telephone. This means that
lines over which this equipment operates must be capable of transmitting a much wider
band of frequencies than a line over which only the voice frequency band is transmitted.
The two problems outlined above are not separate, therefore, from a lines point of view,

/as
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as the line problems remain much the same no matter what frequency range is involved.
The equipment, however, is a special study, as the arrangements for frequency trans-
lation and retranslation are not necessary in voice frequency circuits.

1.3 For convenience, the subject has been divided into three parts, each part being pub-
lished separately as Long Line Equipment I, II and III. Long Line Equipment I deals
with fundamentals, a thorough knowledge of which is necessary before studying Long
Line Equipment II, which deals with Carrier Systems, etc. Long Line Equipment III
deals with Transmission Tests, Maintenance Tests, and the like.

1.4 To appreciate fully some of the subject matter dealt with in these books, a knowledge
of the Alternating Current Theory dealt with in Applied Electricity III is necessary,
also a knowledge of the Trigonometry dealt with in Practical Mathematics II. The
Alternating Current Theory and the Trigonometry dealt with in these books is simple,
and only enough to enable students to gain a good knowledge of how equipment func-
tions. For an Engineering treatment of the subject, students are advised to consult
such works as Communication Engineering by Everitt, Outline Notes on Telephone Trans-
mission Theory by Palmer, etc.

2. PRIMARY CONSTANTS OF A TELEPHONE LINE.

2,1 Comunication signals are alternating in nature, so that the impedance of a line is
of some importance in considering the effect of the line on the signals sent over it.
A telephone line has four components which determine the magnitude and nature of its
impedance. These four components are termed the Primary Constants of the line when
measured in terms of unit line length. They are -

(i) Series Resistance, R ohms per unit length., This resistance is merely
the conductor resistance per loop mile, this being the unit of length
used.,

(ii) Series Self-Inductance, L henrys per locp mile. If the position of
the two sides of a line coincide, then the resultant magnetic field
produced by the line is zero because the flux produced by one side
of the line is equal and opposite to that produced by the other
side and, as the two lots of flux are produced in exactly the same
space, they neutralise exactly. When the two wires do not occupy
the same position, as is the case in practice, it is not possible
for the lines of force produced by each side to occupy exactly the
same positions, so that what is left over from the neutrelising
process appears as a species of leakage flux to induce voltages
across the side of the line opposite to that which produced it.

As with series or conductor resistance, the unit length is the loop
mile.

(iii) Shunt Leakance, G mhos per mile. It is not possible to obtain an
insulating medium with an infinite resistance to separate the two
sides of a line. The reciprocal of this insulation resistance
per mile of line is termed the Shunt Leakance or Shunt Conductance.

(iv) Shunt (or Mutual) Capacity, C farads per loop mile. The two sides
of a telephone line form the plates of a condenser, with the
insulating medium separating them acting as the dielectric. The
capacity of the condenser so formed by one mile of line is termed
the Shunt, or Mutual, Cepacity.

2,2 Typical examples of the four primary constants for some different types of line
are given in Table 1. The constants given in the tables used in this book are
taken from sources which are acknowledged in the tables ~ they are not to be
taken as the Australian standards, which are being prepared at the time of

/Table 1.
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Type of Line R, Ohms L, Henry G, tMho C, uF

100 1b. Copper Aerial 17.6 0.0039 1 0.0081
200 1b. Copper Aerial 8.8 0.00366 1 0.0086
300 1b. Copper Aerial 5.9 0.00355 1 0.0089
600 1b. Copper Aerial 2.9 0.00331 ] 0.0096
10 1b. Cable 176 0.001 1 0.065
20 1b. Cable 88 0,001 1 0.065
40 1b, Cable L 0.001 1 0.065

TABLE 1.

(From Telephony, Vol. I. Herbert & Proctor.)

2.3 From the above four constants a network could be made up to simulate a short length
of line. Fig. 1 shows the network which simulates one mile of 200 1b. copper line,
the values being those given for this class of line in Table 1.

224 0-9152H 228 0-95mH
——ANN—— T AN—TTTIT
<
ue & == 0086 uF
b2
—AWN— T ANM—TITT
2.2 0-915mH 22N 0915mH

FIG. 1. NEIWORK TO STMULATE ONE MILE OF 200 LB, H.D.C. LINE.

This network is accurate enough for examination purposes, but does not accurately
take the place of one mile of line as the constants are "lumped" together and not
evenly distributed over a length of one mile.

3., ELECTROMAGNETIC WAVES.

3,1 In wire transmission, the electrical energy generated by the transmitting equipment
is guided to the receiving station by the line conductors. It is well known that
the passage of current through a conductor produces a magnetic field about the
conductor and that the difference in potential between two conductors produces an
electrostatic or electric field between them. The lines of force of these two
fields are at right angles to each other and also at right angles to the conductors,
and therefore to the direction in which energy is being transmitted. This is
shown in Fig. 2, which also shows the electric field produced by the difference in
potential between two line conductors and the magnetic field produced by the
current flowing through the conductors.

* [ ]
* &
Y ——
[ 3 e ! o | o
oo lhriii e SRR
I
1Y 3

DOTS AND FULL LINES = MAGNETIC PIELD
BROKEN LINES = ELECTRIC FIELD

FIG, 2. FIELDS PRODUCED ABOUT LINE CONDUCTORS.
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3.2 Thus, the energy transmitted is not confined to the wires themselves but is stored
in the electric and magnetic fields surrounding them, the wires merely serving to
guide the fields. The fields travel along the line in the form of waves, the
combination of the two fields being termed an electromagnetic wave.

3,3 It is important to have some idea of the production and behaviour of these waves,
as the behaviour of circuits to the transmission of electromagnetic waves is
exactly the same as that of any other medium conducting energy in the form of
waves.

L. PHYSICAL CONCEPTION OF WAVE PROPAGATION ATLONG LINES.

4.1 Before proceeding further with this Paper, a physical picture of the production of
electromagnetic waves is given, thus enabling the student to appreciate more
readily subsequent sections.

L.2 An electromotive force can be regarded as the force necessary to move an electron
from one atom to another in much the same way as a mechanical force is the force
necessary to move an object from one place to another. This movement of electrons,
of course, constitutes an electric current. It seems impossible to imagine either
force being transmitted at an infinite velocity.

4.3 As a familiar example, an engine applies the mechanical force necessary to move a
long line of railway trucks. When the force is applied the engine starts to move,
the truck coupled to the engine starts to move a little later followed by the next
truck, and so on down the line. The truck at the rear moves last. This is respons-
ible for the series of "clatters" which are transmitted down a train when it starts
to move. In other words, the engine transmits a mechanical force down the line of
trucks to move them and, as the last truck moves some time after the engine, the
force is transmitted 2t a finite velocity, this velocity being the length of the
line of trucks divided by the time interval between the movement of the engine and
the movement of the last truck.

L.4 To illustrate the electrical case, a direct current example is used first.
Fig. 3 represents an extremely long line having a length of , say, one million miles.

——"—0 © O =

FIG. 3. PROPAGATION OF ELECTRICAL ENERGY -~ DIRECT CURRENT CASE.

At the precise instant of closing the switch, the electrons of only those atoms near
the switch move., It takes some time for the electrons of atoms remote from the
switch to move because the electromotive force is fransmitted down the line at a
finite velocity, just as the mechanical force is transmitted down the line of trucks.
This means that ammeter 1 reads as soon as the switch is closed, ammeter 2 some time
later, and ammeter 3 some time later still.

4.5 When alternating voltages are transmitted a similar behaviour is experienced.

/Fig.
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Fig. L shows what happens in the alternating current case. In Fig. La, assume that the
switch has been closed just at the instant the generator develops its maximum positive
voltage. Under the influence of this voltage, a number of electrons starts to move in
the direction indicated only at the end of the line near the switch. The number of
electrons moving depends on the maximum voltage developed by the generator and the
impedance which the line offers to that voltage.

4.6 One quarter of a cycle in time later, the generator voltage falls to zero (Fig. 4b), so
that no electrons are moving along the line near the switch. During this time, however,
the original positive maximum has had time to travel some distance along the line, for

example, nine miles, so that the maximum number of electrons and, therefore, maximum
current, flows at that point.

@) .II—:M 4'0
Emax
E=0 h
b a—Q)—2 A —

Emax
Emax A‘
© ()= L L

E=a
(d) " = 2 A Emax

le—27m—>]

© _E:max Emﬁ\ Asmax #'

le— 36M —>}

FIG, 4. PROPAGATION OF ELECTRICAL ENERGY -~ ALTERNATING CURRENT CASE.

L.7 In Fig. 4e, Ld and Le, the position for successive quarter cycle intervals of time is
indicated. It 1s noted from Fig. Le that the current is flowing in opposite directions
in different sections of the line at the same instant. Thus, in the first nine mile
section, the direction (electronically) is from right to lef't, in the next 18 mile
section the direction is from left to right, and in the next nine mile section the
direction is from right to left again. The position may be more easily seen by con=-
sidering the train analogy. The engine starts to move the trucks backwards but, before
the energy impulse has travelled right down the line, the engine has reversed its
direction so that the trucks remote from the engine are moving backwards whilst those
near the engine are moving forwards. If the engine maintains this backward and forward
movement, the trucks along certain sections of the train move backwards and, at the
same time, the trucks along the remaining sections move forwards.

4.8 A similar position exists on a long transmission line. The finite velocity of propaga=-
tion means that the generator voltage reverses in direction before a generated positive
half cycle has reached the remote end, so that electrons along some sections of the line
are moving in one direction whilst electrons in the remaining sections are moving in the
opposite direction. This produces the current flowing in different directions along
different sections of the line simultaneously. As a consequence, in many alternating
current circuits the electrons constituting the current flow do not make a complete
Jjourney around the circuit as in the steady direct current case, but merely oscillate
backwards and forwards about their normal position.

k.9 Thus, as the generator develops its successive cycles of alternating voltage, these
cycles are applied to the line and travel along it in exactly the same way as ;uccessive
cycles
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cycles of sound travel through a conducting medium. The fact that a voltage and its
effect, which is a current flow, travel along the line at a finite velocity means
that, in alternating current transmission over long circuits, the voltage and cur-
rent travel along the line in the form of waves. Likewise, the energy stored in
the electric and magnetic fields produced by the voltage and current travels in the
form of waves, the combination of the two fields being termed an electromagnetic
wave.

4.10 The length of line occupied by one complete cycle of alternating current or voltage
at the frequency applied is teried the "Wavelength" at that frequency, and the length
of any line can be expressed in wavelengths at that frequency. A little considera-
tion shows that, assuming the line of Fig. L is purely resistive, doubling the
applied fregquency halves the wavelength.

5. REFLECTION.,

5.1 All energy transmitted in the form of waves undergoes reflection if the conducting
path is not infinitely long and uniform. A familiar example is the reflection of
sound waves producing an echo. Here, a source of sound transmits acoustical energy
in the form of waves, and these waves, in fravelling out from the source, encounter
an irregularity in the conducting medium. For example, these waves are transmitted
through the air for some distance and then encounter a brick wall. Some of the
energy is transmitted onwards through the wall, the remainder, being reflected,
travels back to the sound source again. Thus, at the sound source, an echo is
heard. The production of this echo means that not only must the original sound
wave be present there but also that reflected. The resultant sound heard at the
source at any instant, therefore, is that due to the vector sum of the transmitted
and reflected sound waves.

5.2 The electromagnetic waves transmitted over a telephone line likewise undergo reflec-
tion if the conducting path for these waves is not infinitely long and uniform. If
reflection takes place due to an impedance irregularity, the current and voltage
waves are reflected from the irregularity back to the sending end. The resultant
voltage and current at the sending end, therefore, is the vector sum of the trans-
mitted and reflected waves at that end. As the length of the line in wavelengths
to the irregularity causing reflection is different for different frequencies, the
phasing of the reflected current and voltage waves relative to those applied at the
sending end by the source of supply varies with frequency. Thus, at some frequencies,
the two voltages are in phase and the two currents largely out of phase, and vice
versa., The former effect of increased voltage and decreased current is equivalent to
an increase in line impedance. This means that an impedance irregularity causes the
impedance of the line to vary with frequency in the manner shown in Fig. 5.
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6. CHARACTERISTIC IMPEDANCE.

6.4 From what has been dealt with above, it is found that one undesirable effect of re-
flection is to cause the impedance of a line to vary widely with frequency. In
Fig. 5, the line impedance varies between about 600 ohms and about 900 ohms at 1.5
ke/s intervals, It is desirable, therefore, to prevent reflection, and this can be
achieved by making the line infinitely long and uniform.

6.2 Uniformity is secured by employing the same gauge of wire, uniform wire spacings, and
so on, throughout the entire length of a line. Where this cannot be done, as in Fig.
5, other arrangements to be discussed later are employed. It is not possible, of
course, to make any line infinitely long. However, from a study of the behaviour of
an infinitely long line, it is possible to arrive at a method by which any finite
length of line can be made to behave electrically as though it is infinitely long,
even though that finite length may be only a few yards. To arrive at this method,
it is necessary to know the impedance of an infinite length of any type of line to
to dealt with, this impedance being termed the "Characteristic Impedance" of the
line and designated Zg,

(Note: The reason given above is only one reason for endeavouring to make lines
behave as though infinitely long. Another reason is that, if a line is terminat-
ed in its equivalent characteristic impedance, the impedance of the line, viewed
from all points along the line and in either direction from those points, is al-
ways the chearacteristic impedance. This makes for simplicity of measurements, as
the ratio of measured voltage and current at any point is always the same.)

6.3 The fact that an infinitely long line has a finite impedance is perhaps most easily
demonstrated by considering a short length of line, for example, one mile, and then
gradually lengthening that line. This is done in the following treatment.

6.4 A short length of telephone line, say one mile, can be represented at some frequency,
say 1,000 ¢/s, by the network shown in Fig. 6.

50 50
—WUW
32 J20007
.
50* s0™
e A ——— Yy VYR
T AN

FIG. 6. NETWORK FOR ILLUSTRATING CHARACTERISTIC IMPEDANCE OF LINES.

Por simplicity, the values chosen do not represent an actual case. Neglecting
phase and considering magnitude only for the time being, Fig. 6 is replaced by the
netwerk of resistances shown in Fig. 7. This is called an H network because of
its configuration.

AAAAA - AAAAAA

FIG., 7. H SECTION DERIVED FROM FIG. 6.
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Fig. 8 is obtained by combining the two series elements on each side of the shunt
element. This is called a T network. In regard to magnitude, this T network behaves
exactly as the one mile of line did at 1,000 c/s and, therefore, is an equivalent net-
work or circuit at that frequency.

oo™ 100%

Zin, —p IOOOa

FIG. 8. T SECTION DERIVED FROM FIG. 7.

6.5 If the impedance of the line is measured from one end with the distant end open, the

impedance is 1,100 ohms. This impedance is, in future, referred to as the input imped=-
ance and designated Ziy.

Under similar conditions, a line 2 miles long, shown in Fig. 9, has an input impedance
of 100 ohms + (1,000 ohms in parallel with 1,200 ohms), that is, 100 ohms + 545 ohms =

645 ohms.,
2
100 100% 100 100"
’;‘VAVAVAV" 9 AV"""‘V‘ A“V‘V‘V"‘
Zin. —— 1000 1000%

FIG. 9. TWO MIIES OF LINE.

By similar reasoning =

A line of 3 miles has an input impedance of 527 ohms.
A line of 4 miles has an input impedance of 485 ohms.
A line of 5 miles has an input impedance of 468 ohms.,
A line of 6 miles has an input impedance of 462 ohms.
A line of 7 miles has an input impedance of 459 ohms.
A line of 8 miles or longer has an input impedance of 458 ohms.

An examination of these figures shows that, as the length of a line increases, its

1,100 impedance decreases rapidly, at
firs*, but later with diminishing
1.000 rapidity until a point is reached
' beyond which the impedance of the
800 line does not change as its length
is inecreased. This is shown in
800 Fig. 10, which is a graph of line
Q impedance versus line length using
; 700 \ the figures quoted above. In the
T case chosen, the impedance did not
o change after 8 miles, so that, if
L) the line is made infinitely long,
£ o\ its impedance is that of 8 miles,
500 that is, 458 ohms.
u — el B
v
2400 6.6 From this it is seen that an
o infinitely long line has a finite
a 300 impedance, this impedance being
p 2 termed the Characteristic Imped-
- 200 ance of the line.
100 6.7 As the shunt and series elements
1 of the initial T section considered
o} 1 S S L& 7 4.5 o contain reactive components, the
LENGTH OF LINE IN MILES. characteristic impedance of a line
varies with frequency. Further,
FIG. 10, VARTATION OF TMPEDANCE WITH LENGTH. as these shunt and series elements

/depend
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depend on the spacing between the conductors, the dielectric constant of the insul-
ating medium and the gauge of wire used for the line conductors, the characteristic
impedances of different types of lines have different values, Table 2 gives a
number of characteristic impedances for different types of lines calculated at

800 cycles.

Type of Line Characteristic Impedance
100 1b. Copper Aerial 8ok \20 3~ ohms
200 1b. Copper Aerial 687 12,1° ohms
300 1b. Copper Aerial 6,7 L 8.L7 ohms.
10 1b. S.Q. Cable 699 L, 2 ohms.
20 1b. 5.Q. Cable 516 43,5 ohms,
LO 1b. S.Q. Cable 366 41.7° ohms.
TABLE 2.

(From The Telephone Handbook, Poole.)

7. TERMINATION OF A LINE IN ITS CHARACTERISTIC IMPEDANCE.

7.1 If a line is infinitely long and any finite length (such as one mile) is cut off,
the line is still infinitely long, as any finite value subtracted from infinity
leaves the infinite line unchanged in length. As an example, one mile of line cut
from a line two miles long reduces the length of the line by 5%, or halves the
length of the line, but one mile cut from a line one hundred million miles long
makes no practical difference to the length of the line.

Fig. 11 shows an infinitely long line. The input impedance of this line is its
characteristic impedance (458 ohms, using the type of line worked on previously).

—— e I
Zin= Zo=458% TO INFINITY

FIG. 11. INFINITELY LONG LINE.

Fig. 12 shows this infinite line with one mile cut off. The input impedance is
still its characteristic impedance, as the line is still infinitely long.

——— o L
~+——|MILE —» Zin=Z0=458 TO INFINITY

FIG. 12. INFINITELY LONG LINE MINUS ONE MILE.

Fig. 13 shows the one-mile length cut~off drawn as its equivalent T network, the
input impedance of which is 1,100 ohms.

Fig. 14 shows this one-mile length terminated in a single impedance equal to the
characteristic impedance of the line. The input impedance of the one-mile length
is now 458 ohms, the characteristic impedance of the line because, in Fig. 11, the
one-mile length was terminated in an infinitely long line whose impedance was 458
ohms, whilst in Fig. 14 a single impedance equal to the impedance of the infinite-
ly long line replaces the infinitely long line. In other words, there is no way to
determine by measurements within the one-mile section under discussion whether the
line was infinitely long beyond the one=mile point or was terminated in a single
impedance equal to its characteristic impedance. The truth of this can be proved

/oy
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by calculating the input impedance of Fig. 14, which is 100 ohms + (1,000 ohms in
parallel with 558 ohms), that is, 100 ohms + 358 ohms = 458 ohms.

ONE MILE OF LINE. ONE MILE TERMINATED IN Zg.
FIG. 15. FIG. 1L.

7.2 Since the input impedance of a line terminated in its characteristic impedance is
equal to that of an infinite line, terminating any length in its characteristic
impedance produces an input impedance equal to the characteristic impedance at
the other end. In other words, the input impedance of a line terminated in its
characteristic impedance is the characteristic impedance of the line, and the
line, although physically short, behaves electrically as though infinitely long.

7.5 The characteristic impedance of a line is one of its Secondary Constants, others
of which are dealt with later.

8. WAVELENGTH AND WAVELENGTH CONSTANT.

8.1 The length of line occupied by one complete cycle of current or voltage, or the
length of line through which the current or voltage is shifted in phase through
an angle of 360°, is termed the "wavelength" and is signified by the Greek
letter (lambdaj.

8.2 This distance is shown in Fig. Le by the distance travelled by the original
positive maximum in the time taken for the generator to develop one cycle, that
is, a distance of 36 miles. Under these conditions, the phase shift will be

-%?g = 10° per mile. This value of wavelength will apply at a particular fre-

quency only, for example, 1,000 ¢/s. Increasing the frequency to 2,000 c/s
will cause an increase in phase shift to, say, 15° per mile, with a correspond-

e}
ing wavelength of-é%%U = 24 miles. Thus, as the frequency rises, the phase

shif't increases, resulting in a decrease in the wavelength.

8.3 As mentioned above, another way of regarding the wavelength is to think of it as
the length of line through which the voltage or current shifts in phase an
angle of 360°. In Fig. 4, the current shifts through 360° in 36 miles, or 10°
in one mile. The angle through which the voltage or current shifts per unit
length, generally one mile, is called the Wavelength Constant or Phase Constant.
This constant may be expressed either in degrees or radians, for example,
10° = 0.1745 radian.

8.4 Table 3 shows the Wavelength Conctants, Wavelengths and Velocities of Propagation
for different types of lines calculated at 800 c/s.

/Table 3.
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Wavelength Velocity of

Type of Line Wavelength Constant Prapagation

100 1b. Copper Aerial 208 Miles 1%44" or 0.030 165,000 miles per

Radian second

200 1b, Copper Aerial 220 Miles 1059' or 0.0288 ] 173,700 miles per
Radian second

10 1b. S.Q. Cable 35  Miles | 10°21' or 27,700 miles per
0.1807 Radian second

20 1b. S.Q. Cable 50.5 Miles 708' or 0.1245 40,000 miles per
Radian second

4O 1b., S.Q. Cable 69.5 Miles 5011' or 0.0903 55,300'miles per
Radian second

TABLE 3.

(From The Telephone Handbook, Poole. )

8.5 As shown earlier, increasing the frequency of the wvoltage applied to any line in-
creases the phase shift (and, therefore, the phase constant), decreases the wave~
length and increases the velocity of propagation. Table 3, therefore, applied at
only one frequency - 800 c/s.

9. VELOCITY OF PROPAGATION.

9.1 By purely mathematical reasoning, Maxwell, in 1869, proved that electromagnetic waves
are identical with light waves and are, in fact, light waves of a frequency too low
to affect the eye. Electromagnetic waves, therefore, travel at the same maximum
velocity as light and, as with light, this velocity is different in different
mediums.

9.2 The velocity at which these electromagnetic waves travel along a transmission line
is called the "velocity of propagation.”

9.3 The velocity of light is 186,000 miles per second in a vacuum, slightly lower in air
and much lower still through water. The maximum velocity of propagation of electro-
magnetic waves along a transmission line is 186,000 miles per second over a purely
resistive circuit, that is, one with no capacitance or inductance in its make-up.
Over actual circuits, however, the velocity is lower than 186,000 miles per second,
because such circuits inevitably contain series inductance and shunt capacitance,
the velocity decreasing as these increase.

9.4 This may be seen by considering the effect of shunt capacitance on a transmission
line to which a direct current voltage is applied, as shown in Fig. 15.

1F“‘F“‘“°”K a b c :i:' d {h

To EG Ee Eo

FIG. 15. EFFECT OF LINE CAPACITY FOR DIRECT CURRENT CASE.
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Capacitances Cq, C», C3 and C), represent the wire to earth capacity distributed
along the line. Before any current can flow in section "a" of the line, capacity
C1 must become charged and, as this takes time, the current flow into section "a!
is slightly delayed. Similarly, no current flows in section "b" until capacity
C2 has been charged, and so on. Thus, on the switch being closed, and with shunt
capacity present, the electrons in those parts of the line remote from the battery
move much later than they normally would if no shunt capacity were present. In
other words, the effect of shunt capacity is to slow down the velocity of propa-
gation. The effect of series inductance is to slow down further the velocity aof
propagation by limiting the charging rate into the shunt capacities below that
normally due to the line resistance alone. A similar effect on the velocity of
propagation is observed, of cowrse, if the direct current supply were replaced
by en alternating current supply.

9.5 As shown earlier, the wave in passing along the line progresses at a velocity of
one wavelength in the time taken for the generator voltage to pass through one
complete cycle, that is

Velocity of Propagation = E‘.’e_}.emh =\

Frequency

.". Wavelength = velocit
Frequency

Assuming that at 1,000 c¢/8 the wavelength is 36 miles, the time taken to generate
one cycle is 1/1,000 second. The velocity of propagation at 1,000 c/s, there-
fore, equals 36,000 miles per second. Reverting to the previous example, the
wavelength at 2,000 ¢/s was found to be 24 miles. The velocity of propagation at

2,000 c¢/s, therefore, equals ; guooo = 48,000 miles per second.
»

From this, it can be seen that different frequencies travel with different veloce
ities of propagation.

10. TRANSMISSION MEASURING UNITS - THE DECIBEL AND NEPER.

10.1 Any method used for calculating the attenuation or gain produced by the large
number of items of equipment through which communication signals have to pass
should not be too involved. For example, when two subscribers connected to
exchanges in different capital cities are conversing via a carrier channel, the
signals pass through many items of equipment, each of which affects the amplitude
of the signal and causes it to either increase or decrease.

10.2 The simplicity of the method used in practice is shown by the following case =

Fig. 16 shows three items of equipment connected in cascade.

ImW 100,000 mW 1000 mw 00 mW

FIG. 16. CIRCUIT ELEMENTS ALTERING POWER LEVEL.

One milliwatt of power is applied to the input of the first item, an amplifier,
the output power from which is 100,000 milliwatts. This 100,000 milliwatts is
then applied to the second item which reduces the 100,000 milliwatts to 1,000
milliwatts, and this 1,000 milliwatts is then applied to the third item which
reduces the 1,000 milliwatts to 100 milliwatts. The first item causes signals
to be increased in power 100,000 fold or 105, the second item causes signals to

/be
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be reduced in power to 1/100th or 1072 of their input value, and the third item causes
signals to reduce the power output to 1/10th or 10~1 of the input power. Thus, for
any value of input power, the output power from the whole system is calculated by
multiplying the input power to the first item by 100,000 dividing the result by 100
and then dividing this result by 10, For example, if the input power is 75 milliwatts,
the output power will be =

1 3 ;
75 m¥ x 100,000 x _=_ x _L = 7,500 m¥.
Z 100 i

10

This calculation is simple because of the values chosen. The values encountered in
actual practice do not always produce such a simple calculation - the calculations are
usually a fairly involved multiplication. Multiplication is simplified by using
logarithms, which involves only the addition of the logarithms and the extraction of
the antilog of the result. Thus, in the case taken above, the output power with 75
mW input power is -

75 m¥ x antilog (loglo 100,000 + 1oglo Té—o- + 10510 1—](“))

75 mW x antilog (5 + ~2 + -1)
75 mW x antilog 2

75 mW x 100

7,500 m#.

o

10.3 In practice, the factor by which the power is altered by an item of equipment is ex-
pressed as the logarithm of that factor. For example, instead of regarding the first
item, the amplifier, as having an amplification of 100,000, it is regarded as having
an amplification of 5, which is the common log (that is, the log with 10 as a base) of
100,000. Similarly, the second item produces a reduction of 2, which is the common
log of 100, and the third item produces a reduction of 1, which is the cammon log of
10. The name given to the common log of the factor by which the power is altered by
an item of equipment is the Bel, so that the amplifier has an amplification or gain of
5 bels, the second item a loss of 2 bels and the third item a loss of 1 bel.

10.4 From this, it may be seen that, to express the gain or loss in bels produced by an
item of equipment, the following formula is applied -

bels = logio %

where P4 and Po are the powers involved. Generally, the larger power appears in the
numerator.

10.5 In practice, the bel is too large for most purposes, and the decibel (abbreviated "ab"
and equal to 1/10th of a bel)is used. Thus, as there are 10 db in 1 bel =

db = 10 logqo%

10.6 It should be understood that the bel and decibel have no physical significance as have
the ampere, the volt and the ohm. The bel is merely the log of the ratio of two
powers, this being extracted in order to simplify calculations.

10.7 Whilst the decibel is fundamentally a unit of power ratio, this ratio can be expressed

in simplified form from current and voltage ratios. The power input to the first
item of equipment is -

and the power output «

Eout?

/Here
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Here E, I and Z are the input and output voltages, currents and impedances, respect-
ively, as designated by the subscripts. In general, communication circuits are
matched, that is, Zin = Zout, S0 that the ratios of the two powers reduce to the ratio
of the squares of the two currents or the two voltages as follows -

By = Iin2 Zin
P2 = Iout? Zout
2
I Z
.*e @b = 10 logig — 15
Iout 2out
As Zip = Zout
T2
then db = 10 logqg —==
Iout2
T 2
= 10 logqg (.I.%.t)
o
= 20 logqq —in-
h 2l Tout
.. Ejn
Similarly db = 20 log10<E—-%
ou
thus db =

E 3 E
10 logyq ;15 =20 1c>g101_12 = 20 10g1O-E—;

It is important to notice that the current or voltage ratios are used only for
matched impedances. When this does not obtain, the power ratio must be used,

that is -
2
E, .
2 i E,2Z
b = 10 log10£1?z-1 = 10 log,q == = 10 logjg =2
I E22 Ep“Zy
e

10.8 When referred to some arbitrary amount of power, the decibel is used as a unit of
absolute value of power. For example, in telephone testing, the arbitrary amount of
power (termed a zero or reference level) is fixed at 1 milliwatt, and other amounts of
power are referred to this level. Thus, a power level of +30 db referred to 1 milli-
watt would be a power 1,000 times the standard or 1 watt. Similarly, -30 db referred
to 1 milliwatt would be a power 1/1,000 times the zero level or 1 microwatt. For
testing in radio systems, including telephone lines feeding them, a zero level of
6 milliwatts has been adopted as standard.

10.9 Another transmission unit, also logarithmic in its basis, is used on the Continent.
This unit is the neper and, instead of being a power ratio, it is a current ratio.
Also, instead of using the common logarithm of the current ratic, logarithms having a
base e are used. e = 2.71828, and is highly important in mathematics. This subject
is not concerned with the derivation of e or the reason for its use as a base in the
neper. It is sufficient merely to know that such a unit exists, as the decibel is
uged exclusively in Australia., Thus =

I
nepers = 10891% /11,
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11. ATTENUATION AND ATTENUATION CONSTANT.

11.1 As the voltage and current waves progress along the line, their amplitudes are
reduced. Fig., 17 shows how the voltage and current readings taken along a line
at a particular instant decrease in
amplitude due to the series and shunt
losses, respectively.

CUKRENT AND VOLTAGE

READINGS DECREASE AS 11.2 An e 1 rtion t an equal
~ SHOWN BY DOTTED LINE QAL prepsTion) (2 :

amount) of the voltage applied to the
line is dropped across the series
impedance of each mile of line.
Similarly, an equal proportion of the
input current is drained away by the
shunt impedance of each mile of line.
For example, if the input current to
a line is 10 mA and the leakance
/ present in each mile of line reduces
the current by half, then the current
at the end of the first mile will be
ATTENUATION AND PHASE SHIFT ALONG A LINE. 5 mA, that at the end of the second
mile 2,5 mh, that at the end of the
FIG. 17. third mile 1.25 mA, and so on.

11.3 The gradual reduction in the amplitude of the voltage and current, and therefore
of the power, as the wave progresses along the line is called attenuation. The
attenuation per unit length of a line is expressed in either decibels or nepers,
and is called the Attenuation Constant.

11.%4 Typical values of attenuation for different types of lines, calculated at 800 ¢/s,
are shown in Table L.

Type of Line Attenuation in
Decibel per Mile

200 1b. Copper 0,06
100 1b. Copper 0.106
LO 1b. S.Q. Cable 0.760
20 1b. S.Q. Cable 1.01
10 1b. S.Q. Cable 1.56

TABLE L.

(From Telephony, Vol. I, Herbert & Proctor)

11.5 The attenuation and attenuation constant values increase as the frequency rises,
because the series inductive reactance increases and the shunt capacitive
reactance decreases as the frequency rises. This is indicated in the curves of
Fig. 18.

/Fig. 18.
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FIG. 18. RELATIONSHIP BETWEEN FREQUENCY AND ATTENUATION.

12, STANDARD GRADE OF OVERALL TRANSMISSION.

12.1 In order to keep transmission losses within reasonable limits and to ensure the

12.2

same standsrd of transmission on all classes of calls, whether they are local,
intrastate, interstate, and so on, it is necessary to have some standard cir-
cuit producing definite losses on which to base the design of all classes of
circuits, that is, local exchange networks, junction networks and trunk line
networks. This circuit is called a Standard Reference Circuit, and the grade
of transmission which it supplies is called the Standard Grade of Overall
Transmission.

Fig. 19 shows, in skeleton form, the Department's "Standard Reference Circuit."
This diagram shows that each connection is considered as made up of three units,
two of them being the separate local lines and instruments at the ends of the
connection. The third unit is the transmission line Joining the local line
units and consisting of Jjunction circuits, switching exchanges and trunk line
transmission aids, for example, repeaters, as required. It is noted that this
transmission line is to be equivalent to a 15 db attenuator.

/12.3
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12.3 Fig. 19 also gives three instances of typical connections conforming to this standard
of overall transmission.

STANDARD GRADE OF OVERALL TRANSMISSION

e —
v {7

I STANDARD GRADE
OF LOCAL LINE TRA

SUBSCRIBER'S INSTRUMENT | LOCAL LINE | EXCHANGE EQUIPMENY
[} T
1700 7 | |
' i TRANSE
| I 2V | No. 40034
] |
B

STANDARD GRADE OF LOCAL LINE TRANSMISSION
STANDARD GRADE OF OVERALL TRANSMISSION

BCH. MN. MN. BCH.
}‘"—— 15db ———————{
METROPOLITAN <~~~ METROPOLITAN

BCH. MN. M.T.C. cZ (<5195

7.5 db ——e={Odbjme— 7-5db
METROPOLITAN COUNTRY

C.L c.z MIC. MIC. C.Z. C.L.
o—©—©
7-5 db —e={0db}e 0db 40db}=— 7.5 db —-1
COUNTRY —a————= COUNTRY(INTERSTATE)

BCH = BRANCH EXCHANGE MN. = MAIN EXCHANGE C.Z. = COUNTRY ZONE CENTRE
MTIC. = MAIN TRUNKCENTRE C.L.= COUNTRY LOCAL EXCHANGE

FIG. 19. TYPICAL CONNECTIONS OF STANDARD OVERALL GRADE.

12.L The telephone system is designed so that any connection between two subscribers provides
transmission at least equal to that of this reference circuit. In this circuit, the
loss introduced by the apparatus and lines connecting the two telephones is approx-
imately 29 db. The telephones of the reference circuit are of the handset type
(Telephone 162). When less efficient telephones are used, the allowable loss in the
local lines must be reduced to provide the same grade of transmission. Similarly,
more efficient exchange transmission bridges, etc., allow an increase in the loss
in the lines.

12,5 The allowable limit of resistance of the subscriber's line with 250/250 ohm battery
feed relays and transmitter C.B., No. 1 is 275 ohms whilst, with 50/50 ohm nickel
sleeve relays and resistor, barretter or ballast lamp at the exchange with transmitter
inset No. 10 in the telephone, the line resistance may be 540 ohms.

12.6 The loss between the telephones is divided up into two portions for the purpose of
arriving at the maximum losses to be permitted over each portion -

(a) Subscriber's circuit to exchange, and
(b} Junctions and trunks between any two exchanges.

The loss in case (b) must not exceed 15 db, leaving, in the case of the reference cir-
cuit, about 14 db for the sum of the losses from telephone to exchange (sending loss)
and from exchange to telephone (receiving loss). The sending loss is approximately
10 db and the receiving loss is approximately 4 db. i

e
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The reasons for the difference in the figures quoted for sending and receiving
losses are that the receiving loss consists of attenuation only, whereas the send-
ing loss is determined by the attenuation and the direct current in the trans-
mitter.

12.7 The reason for choosing a 29 db overall loss from telephone to telephone in Fig,
19 is that the average electrical power output from the transmitter of a Telephone
162, when actuated by a normal voice, is approximately 200 microwatts. The power
necessary at a telephone receiver to produce a good signal is approximately 0.2
microwatt. The ratio of transmitted to received power for good signals from the
normal voice, therefore, is about 200 to 0.2 or 1,000 to 1, meaning a permissible
loss of about 30 db.

13. PROPAGATION CONSTANT.

13.1 From what has been dealt with, it is apparent that two undesirable effects of a
transmission line are, first, to reduce the amplitude of the voltage and current
waves as they progress along the line and, secondly, to produce a phase shif't,
these varying with frequency. An expression containing the attenuation constant
and phase constant of a line enables the behaviour of the line to be fully deter-
mined, as from these can be calculated the wavelength, the velocity of propaga-
tion and the current and voltage at any point along the line. Such an expression
is called the "propagation constant,” and can be likened to the full specification
for an impedance, that is, a value in ohms together with an angle, except that the
propagation constant contains the attenuation constant in nepers and the phase
constant in radians.

14. USE OF TRANSFORMERS IN SECURING UNIFORMITY.

14.1 It is not always possible to have a line with exactly uniform characteristics
right throughout its length. For example, a 200 1b. copper aerial line is used as
a trunk line between two trunk centres. On the outskirts of the frunk centres,
however, the aerial line usually terminates, the line being carried into the
offices concerned in what is called a "trunk entrance cable." As shown earlier
in this Paper, the characteristics of cable differ markedly from that of aerial
Wiree.

To secure a uniform line throughout, transformers are connected at the junction
of the cable and the aerial wires, the transformer employed being such that,
viewed from the cable, the characteristic impedance of the aerial line approx-
imately equals that of the cable whilst, viewed from the aerial line, the
characteristic impedance of the cable approximately equals that of the aerial
line. In other words, the transformer is used as an impedance transforming
device as in Fig. 20.

AERIAL Zo=800" -600“‘-»% é 150" s  CABLE Zo=150%

o

FIG, 20. TRANSFORMER CONNECTED BETWEEN AERTAL LINE AND CABLE.

In Fig. 20, the characteristic impedance of the aerial line has been assumed to
be 600 ohms and that of the cable 150 ohms over the range of frequencies to be
trensmitted over the cable.

/15.
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15. TEST QUESTIONS.

1G

20

L.

Se

List the Primary Constants of a transmission line and state, in general terms only,
the effects these have on the transmission of a band of frequencies over the line.

What is meant by the Characteristic Impedance of a line? What is the effect of
terminating a line in its characteristic impedance? Give reasons for so doing.

Define -

Attenuation Constant
Wavelength

Wavelength Constant, and
Velocity of Propagation.

noop

Five milliwatts of power are sent into a line 8 miles long, and 2.5 milliwatts are
received at the distant end. Assuming equal input and output impedances of 600
ohms, calculate =

a) The attenuation of the line in db, and
b) The attenuation constant in db.
(Answer : (a) 3 ab, (b) 0.375 db.)

A transmission line produces a loss of 7 db. If 1 milliwatt is applied to the
input of the line, what will be the output power?

(Answer : 0.2 milliwatt.)

An amplifier has a gain of 56 db. The input impedance is 600 ohms and the load
in the output is 10 ohms. What will be the current in the load when an alternat-
ing voltage of 1 volt is applied to the input?

{Answer : 8,15 amperes.)

The input impedance of a piece of equipment is 600 ohms and the output impedance is
500 ohms. It is found that when an alternating voltage of 10 volts is applied
across the input, a current of 10 milliamperes flows in the output. Calculate the
power loss in the equipment in db.

(Answer : 5.2 db.)

END OF PAPER.
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1. INTRODUCTION.

1.1 As mentioned previously, one aspect of this subject of Long Line Equipment is con-
cerned with increasing the efficiency of line plant so that a number of messages,
either telephonic or telegraphic, can be simultaneously transmitited over any circuit.
This increased efficiency is obtained by means of Carrier Telephone and Telegraph
Systems, and this Paper gives a broad outline of Carrier Telephony and Telegraphy.
The aim is to give here, in general terms only, the functions of the items of equip-
ment required, together with the build-up of a typical system, so that the student
can appreciate more readily the matter dealt with in the different Papers of this
book.

2. MODULATTON AND DEMODULATION.

2.1 In Telephony, intelligible speech involves the transmission from speaker to listener
of a frequency band extending from about 200 c/s to about 3,000 c/s. Whilst any
speaking voice produces frequencies above 3,000 ¢/s and below 200 c/s, this band,
if "picked off" from the whole range produced, will produce good, intelligible
results, Any telephon# communication channel, therefore, will have to be capable of
passing a band of frequencies about 2,800 c¢/s wide.
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2.2 Fig. 1 shows two telephones, A and B, connected by a line., During speech, the trans-
mitters at A and B may be considered as generating alternmating currents which are
transmitted over the line. From what has been discussed above, the line need not
transmit any frequencies higher than 3,000 ¢/s insofar as communication between A and
B is concerned.

FIG, 1. VOICE FREQUENCY CHANNEL.

2.3 To obtain an additional telephone channel from the existing line between A and B by
means of Carrier Telephony, frequency translation is resorted to. Fig. 2 shows the
principle. Communication between A and B is carried on in the normal manner, using
the voice frequency band extending up to 3,000 ¢/s. In future drawings, single line
circuits will be used for simplicity. It should be remembered that each single line
is a two-wire circuit.

- -

FREQUENCY FREQUENCY
TRANSLATING DEYICE RETRANSLATING DEVICE

FIG, 2. ONE-WAY CARRIER CHANNEL.

2.4 For communication between telephones C and D in the direction C to D, a frequency
translating device is used at C which will translate the voice frequency band 200 c/s
to 3,000 ¢/s output from the transmitter at C into a higher frequency band, for example,
from 10,200 ¢/s to 13,000 ¢/s. This frequency band is passed over the line and,
before entering the telephone at D, it is applied to a frequency retranslating device
which will bring the frequency band 10,200 c¢/s to 13,000 c¢/s down to the original 200
¢/s to 3,000 ¢/s band output from the transmitter at C. This original band is then
passed to the telephone at D to actuate the receiver there.

2.5 One process of translating the voice frequency band up into a higher frequency band is
called Amplitude Modulation because, to do this, the voice frequency currents or volt-
ages vary or modulate the amplitude of a high frequency current or voltage in much the
same way as the speech input to a telephone transmitter varies or modulates the
amplitude of the direct current passing through it. There are other methods by which
modulation may be achieved, but the method always used in Carrier Telephony is
Amplitude Modulation.

2.6 The reverse process of retranslating the high frequency band back to the voice frequency
band is termed Demodulation, the translation device being known as the Modulator and
the retranslation device as the Demodulator. The high frequency current or voltage
whose amplitude is varied is called the Carrier Frequency Current or Voltage (usually
abbreviated Carrier) as, when modulated, it appears to "carry" the signal in much the
same way as the direct current to a telephone transmitter does when a signal is
jmpressed on it by the transmitter.

/2.7
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2.7 Any telephone channel must be two-way in operation, so that a modulator is necessary at
D and a demodulator at C for communication in the direction D to C. Fig. 3 shows the

arrangement, the arrows indicating the direction of operation of the modulators and
demodulators.

DEMOD.

Iliiiill

——
QoD
FIG. 3. IWO-WAY CARRIER CHANNEL.

2.8 A general idea of the way the modulator acts as a frequency translation device is desir-
able before proceeding further. Fig. 4 is a comparison of the operation of two tele=
phone transmitters, one of which modulates the amplitude of a direct current and the
other the amplitude of a carrier current, the input sound in each case being a single

frequency.
!
I} e
(a) Transmitter Modulating a Direct Current.
l‘_c;_::::::“‘ s “_—_{ .
DT
ORI
GENERATOR | L

(b) Transmitter Modulating a Carrier Current.

FIG. 4. EXAMPLES OF AMPLITUDE MODULATION.

2.9 A mathematical analysis shows that an amplitude modulated carrier of the type shown in
Fig. 4b, that is, a carrier frequency current or voltage modulated by a single voice
frequency current or voltage, can be regarded as containing three frequencies, namely -

fc, the original carrier frequency,

(fec + fv), a frequency equal to the sum of the carrier
and modulating voice frequencies, and

(fc - fv), a frequency equal to the difference between
the carrier and modulating voice frequencies.

2.10 As an example, assume that the carrier frequency is 10,000 ¢/s (10 kc/8) and that the
modulating voice frequency is 1,000 c¢/s (1 kc/s). The resultant modulated carrier
contains frequencies of 10 kc/s and 9 ke/s. In other words, the 1 ke/s modulating

/frequency
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frequency has been translated upwards into two higher frequencies, one lying above the

carrier frequency and the other below it. The higher frequency to which the modulat-
ing voice frequency has been transe
lated, that is, the sum of the
carrier and modulating frequencies,
is called the Upper Sideband, whilst
the lower frequency, that is, the
difference, is called the Lower
Sideband.

2.11 The amplitude of the carrier
during modulation is the same as

10 ke/s Carrier Frequency of Constant Amplitude. that prior to modulation. Thus,
amplitude modulation is more conven-

iently thought of as frequency
translation, as the action of vary-
ing the amplitude of a carrier

apparently does not cause its ampli-
Upper Sidebend 1l ke/s. tude to vary but generates new fre-
quencies (the sidebands) which, when

added to the constant amplitude

carrier, give the appearance of an
amplitude modulated carrier. This
is shown in Fig. 5 where the three

Lower Sidebend 9 ke¢/s. frequencies dealt with above, that
is, a 10 ke/s carrier with a con-
H\ »” stant amplitude together with a
S /! frequency of 11 kc/s and one of 9
\ / ke/s, are added vectorially for all
/ instants over one-thousandth of a
\ / second. The resultant produced by
\ ]\ adding the three components varies

in amplitude at 1 cycle during one=
thousandth of a second and, there-
fore at 1,000 ¢/s, This addition

V-y could be carried out on Fig. 5 by
\L - \M the student, There is justifica-
7 tion, both mathematically and
graphically, for thinking of the
/ amplitude modulated carrier of
/ \ Fig. 4b as containing three fre-

N quencies -

/
} \ |
’ \ The carrier frequency (10 ke/s),

N,

d

e W SECOND ———- The upper sideband frequency (11
ke/s), and

dmplitnge Modulated Carrler. The lower sideband frequency (9
FIG. 5. ADDITION OF CARRIER AND SIDEBANDS. kc/s).

2.12 In telephony, carriers are modulated by a band of frequencies extending from about
200 c/; to about 3,000 ¢/s, which would produce the following frequencies in a
modulated carrier, assuming that the carrier frequency is again 10 ke/s -

(1) The 10 ke/s carrier at a constant smplitude.

(ii) A frequency range equal to 10 ke/s + (200 to 3,000 ¢/s8) = 10,200 to 13,000
¢/8, that is, the upper sideband.

(iii) A frequency range equal to 10 ke/s = (200 to 3,000 ¢/s) = 7,000 to 9,800
¢/s, that is, the lower sideband. AModulation
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Modulation, therefore, translates the voice frequency band to two higher frequency
bands, one immediately above the carrier frequency and the other immediately below
it, Either of these sidebands contains a band of frequencies equal in width to
the modulating voice frequency band, that is, the voice frequency and the upper

and lower sidebands are all 2,800 ¢/s wide. Further, as the amplitude of any fre-
quency component in the modulating voice frequency band varles, so does the
amplitude of the corresponding frequency in the upper and lower sidebands. This
means that as the amplitude of the 200 ¢/s component of the modulating range varies,
so does that of the 9,800 ¢/s and 10,200 c/s components in the sidebands, these
components being produced by the 200 c/s component of the modulating range.

2.13 Demodulation is a process exactly similar to modulation in that, if the sideband
used for transmission i1s caused to amplitude modulate a carrier of the same fre-
quency as that applied to the modulator, the process will produce sidebands, one
of which will be the original voice frequency band. As an example, using the
lower sideband of an amplitude modulated 10 kc/s carrier, that is, 7,000 ¢/s to
9,800 c¢/s, the sidebands produced by this frequency range modulating a 10 kc/s
carrier will be =

(1) The upper sideband, 10 ke/s + (7,000 ¢/s to 9,800 c/8) = 17,000 c/s
to 19,800 ¢/s.

(ii) The lower sideband, 10 ke/s - (7,000 c¢/s to 9,800 c/s)

200 c/s to
3,000 c/s, that is, the original voice frequency band.

3, FILTERS.

3.1 Whilst the ability to translate the voice frequency range upwards to any desired
frequency range is the basis of carrier systems, these systems would be unworkable
if it were not possible to separate the different frequency bands at the terminals
and direct them to their appropriate circuits. For example, in Fig. 3, the system
is successful only if, at the terminals, the voice frequency range can be prevent=
ed from gaining access to the carrier system and directed to the telephones at A
and B, Similarly, the band of frequencies to which the voice frequencies from C
and D have been translated must be directed to the carrier system and denied access
to the telephones at A and B. As either sideband contains all of the intelligence
to be transmitted, only one sideband needs to be transmitted so that some means of
selecting the required sideband and suppressing all other products of modulation is
required. Thus, circuits are necessary which will discriminate strongly in favour
of a particular band of frequencies and against all others. Such circuits can be
designed, and are caliled Filters.

3.2 The arrangement shown in Fig. 3, therefore, requires filters with the following
characteristics for the following purposes =

(i) A filter which will pass with little or no attenuation all frequencies
up to 3,000 ¢/s and reject frequencies above this figure to be
connected in each voice frequency terminal, as in Fig, 6. Such a
filter is called a Low-Pass (L.P.) Filter, and will allow only voice
frequencies to enter the telephones at A and B. A low=-pass filter is
also necessary in the output of the demodulator to pass the voice
frequency range, whilst rejecting all other products of demodulation.

(ii) A filter which will pass with little or no attenuation all frequencies
above 3,000 ¢/s and reject frequencies below this figure to be
connected in the carrier circuit at each terminal, as in Fig. 6.

Such a filter is called a High-Pass (H.P.) Filter, and will allow
only carrier frequencies to enter the carrier terminals. The com~
bined effect of the low-pass and highepass filters, described above,
will be to separate the voice frequencies from the carrier frequencies
and direct each range to the appropriate equipment.

/(ii1)
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(iii) A filter which will pass with little or no attenuation the range of
frequencies ineluded in the sideband selected for fransmission but
will reject all other products of modulation. For example, if the
carrier frequency supplied to the modulators is 10 kc/s and the
lower sideband is selected for transmission, a filter which will
pass a band of frequencies extending from 7,000 to 9,800 c/s is
required to immediately follow the modulators, as in Fig. 6. Such
a filter is called a Band-Pass (B.P.) Filter.

P

o

FIG, 6., FILTERS REQUIRED FOR ELEMENTARY CARRTER SYSTEM.

4. OSCILLATORS.

4.1 As mentioned previously, frequency translation is effected by the voice frequencies
modulating the amplitude of a carrier frequency. The item of equipment which
generates the carrier frequency is called an Oscillator, that is, it produces
oscillations of the required carrier frequency. The main requirement of the oscile
lator is a high degree of frequency stability, that is, the design must be such
that there is very little deviation from the carrier frequency it is required to
develop.

5« AMPLIFIERS.

5¢1 The amount of power in the sidebands to which the voice frequencies are translated
by modulation is very small « so small that communication over a long circuit on
their power is not satisfactory. It is necessary, therefore, to ralse the level
aof the power in the sideband selected for transmission before applying it to a
line, this being done by means of a Transmitting Amplifier. The name "amplifier"
suggests its function, that is, to raise, enlarge or amplify. Similarly, at the
receiving terminal a receiving amplifier is necessary as, in general, the amplitude
of the sideband received from the line is too low to produce an appreciable voice
frequency output from the demodulatar. The receiving amplifier raises the level
of the received sideband before it is applied to the demodulator, so that the voice

frequency output from the demodulator is high enough to operate satisfactorily a
telephone receiver.

5.2 The carrier system, complete with all of the items discussed up to the present, is
shown in Fig. 7.

/Fig. 7.



LONG LINE EQUIPMENT I. PAPER NO. 2.
PAGE 7.

DEMOD.  REC.
AMP.

Mod. = Modulator. L.P., = Low-Pass Filter.
Oss. = Oscilletor. H.,P, = High-Pags Filter.
Demod. = Demcdulstor. B.P. = Band-Pags Filter.

Ree. Amp. = Receiving Amplifier. Trens. Amp. = Trensmitting Amplifier.

FIG, 7. MAIN ELEMENTS OF A CARRTER CHANNEL.

6. SEPARATING OPPOSITE DIRECTIONS OF TRANSMISSION.

6.1 An examination of the carrier terminels of Fig. 7 will bring out a source of
instability. Take, for example, the C terminal. Voice frequencies from the trans-
mitter at C are applied to the modulator input via junction X. The amplified side-
band output from the modulator is applied to junction Y where it divides, some
passing to the distant terminal via the H.P. filter and line, and the remainder
being applied to the input of the demodulator via the receiving amplifier. Assume-
ing that the carrier frequencies applied to the modulator and demodulator are the
same, the demodulator will retranslate that portion of the transmitted sideband
applied to it back to the original voice frequency range and apply this range to
the junction X, At some voice frequency the phase shift from X through the
modulator, modulator band-pass filter, transmitting ampllfler receiving amplifier,
demodulator and demodulator low=pass fllter at C may be 360° or some integral
multiple thereof. At this frequency, the demodulator output will appear at X in
phase with the original signal from C, so reinforcing it. This means that the
signal from C could be withdrawn and there would still be some input to the modulate
or. This action would continue indefinitely, producing a sustained "singing" tone
in the telephones at C and D, because portion of the demodulator output at the C
terminal reaches telephone C via the junction X and portion of the modulator output
is sent to the line via the junction Y and the high-pass filter. To prevent the
system from "singing," as this action is usually termed, it is necessary at each
terminal to isolate the input to the demodulator from the output of the modulator,
and the input to the modulator from the output of the demodulator, that is, to keep
separate the opposite directions of transmission.

6.2 There are two methods of achieving this separation -

(i) By using hybrid coils, and

(ii) By using what is known as a Four-Wire circuit or its equivalent.

/6‘3




PAPER NO. 2. LONG LINE EQUIPMENT I.
PAGE 8.

6.3 The hybrid coil is an application of the type of circuit used in local battery telephones
to reduce sidetone, TFig, 8 shows a comparison of the two circults, Fig. 8b showing
merely the arrangements for isolating the output of the demodulator from the input to
the modulator.

OUTPUT OF
S DEMOD.
NETWORK 7O = NETWORK TO "JW\T’“"“——’
Z’«%‘ :gs»guz S BALANCE LINE NPUY 7O TO LINE AND
AND DISTANT
PRORE PHONE ok 03;“ MOD. DISTANT PHONE
(a) (b)

FIG. 8. PRINCIPLE OF HYBRID COIL.

6.4 Fig. 9 shows the actual arrangements of the hybrid coils in a typical system, one termin-
al only being shown.

LP DEMOD. ;
REC.
AMP.

- ———————— >
70 LINE BALANGE FOR < BALANCE FOR T0 TRUNK
AND DISTANY LINEND 2 osC. £ TRUNK LINE LINE VIA
FHOME VIA SWBD. DISTANT PHONE<” S AND TERMINATION H.P. FILTER
s >
| TRANS.
N AMP.
MOD. MOD. B 2
)

FIG. 9. TERMINAL OF A BATANCED CARRIER CHANNEL.

6.5 Whilst it is not difficult to maintain a balance between a network and a subscriber's
line, as subscribers! lines are fairly short, it is very difficult to maintain a
balance vetween a long trunk line and its network, particularly if the trunk line is
aerial. The conatants of a long aerial trunk line change continually due to climatic
changes, so that maintaining a balance is almost impossible. For this reason, this
system of separating the opposite directions of transmission is rarely used for carrier
systems.

The advantage is that the same sideband of the same carrier frequency can be used for
opposite directions of transmission, the separation being effected by the hybrid coils.
This system is known as the Balanced System of Carrier Overation.

6.6 To eliminate the hybrid coil and the balance network on the trunk line side of a carrier
terminal , fourewire working is used sometimes. Fig. 10 shows the arrangements at one
terminal. Separate pairs are used for transmission in opposite directions, hence the
name "Four-Wire" Circuit. Agein, the same sideband of the same carrier frequency can be
used for transmission in opposite directions. This system is extensively used on trunk
cable routes.

/Fig. 10.
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LP DEMOD. < H3
ii‘Cp RETURN PAIR
id L3 '—1

AT B O TO V.F
OIITANT PHONE SC. ¥y
YIA SWED. CIrRCUIy

' ' L3

TRANS.
f AP
GO PAIR
MOD. MOD.B.P. > H3

FIG. 10. TERMINAL OF A 4~WIRE CARRIER CHANNEL.

6.7 The equivalent of a four-wire circuit over a single pair of wires is obtained by using
the same carrier frequency in opposite directions but transmitting the upper sideband
in one direction and the lower sideband in the opposite direction. The band-pass
filters preceding the demodulators and succeeding the modulators act as directional
filters to separate opposite directions of transmission. Fig. 11 shows the arrange-
ment, the carrier frequency used being 10 kc/s with the upper sideband transmitted in
the C to D direction and the lower sideband in the D to C direction.

A R To nw)I:x Line
H.P.
oD
TRANS.
AMP.
HYBRID
c H = COIL AND ,OSC
P BAL. NET.
iy
L.P. pEMO ' PN

FIG. 11., ELIMINATION OF HYBRID COIL BY FREQUENCY DISCRIMINATION.

6.8 Alternatively, different carrier frequencies can be used in opposite directions of
transmission. Here, the upper sideband of a 10 k¢/s carrier is used for trans-
mission in the C to D direction, and the upper sideband of a 15 kc/s carrier is
used for transmission in the D to C direction.

TO TRUNK LINE

MOD. | B10-2-13
RANS.
P

AMP.

HYBRID
COIL AND
BAL. NET.

REC.

% AMP.
L.P. DEMOD | —4——-@

FIG. 12. ELIMINATION OF HYSRID COIL BY FREQUENCY DISCRIMINATION.
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7. MULTI-CHANNEL SYSTEMS.

7+1 Carrier telephony is not limited to single-channel systems, that is, systems which
ensble another communication channel to be obtained from a physical circuite In
Australia, single-channel, 3=channel, 12-channel and 17=-channel systems are in use,
Fig. 13 shows one terminal of a typical 3=channel system, which is essentially
three singleechannel systems in parallel.

B.F
-3~

B

| Mob.

H
I DEM l9§é%~ !
22-16

TiNE
B.F. D.F
MOD, IM,5 E 0-13:
2 )
CLLLAS"a 112
16-1)
I8 R
pevon] | te3- < ool |
REC.
AMP.
' ] a.F
| MO0, 75
3 oy
B o.F
DEIOR -
' 54
HP. LINE]
FILTER
sKC M
TO“LREBNK
o tiar] s
TO V.E CIRCUIT ]?i’i#';"n‘ o
—Like

FIG, 13. ELEMENIS OF 3-CHANNEL TERMINAL.

It will be noticed that three highefrequency bands are transmitted in one direction
and three lowefrequency bands in the opposite direction. This simplifies the
problem of separating opposite directions of transmission, as the transmitting and
receiving directional filters which do this are merely band~pass filters designed
to pass the three high-frequency and the three lowsfrequency bands, respectively.
Fig. 13 shows the frequencies used in a typical system, from which this point
should be apparent.

/8.
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8. REPEATERS.

8.1 As the voice and sideband frequencies progress along the line, their power levels
fall due to attenuation. This loss can be readily made up by amplification. It
is not desirable that the signal power level be allowed to fall too low, as the
signal level would eventually equal that of the line noise due to inductive
disturbances, etc. Amplifiers, therefore, are provided at intervals along the
line, such amplifiers being known as Repeaters. A function of a repeater, there-
fore, is to ralse the signal power level on a line befare it has fallen to a
level comparable with that of the line noise.

8.2 Repeaters are merely amplifiers, and, as armplifiers are unidirectional in operation,
two amplifiers are necessary in a repeater, one to amplify the power sent over the
line in one direction and the other to amplify the power sent in the opposite
direction. Fig. 14 shows the arrangement of a voice frequency repeater.

A-B AMP

HYBRID
A——H = COIL AND ;_‘ 1
BAL. NET.

1

B-A AMP

FIG. 14. V.F. REPEATER.

Hybrid coils separate the two directions of transmission for the same reason as in
the carrier terminals previously described.

8.3 Where a carrier system is superimposed on a volce frequency circuit two repeaters
are necessary, one for the volce frequencies and the other for the carrier
frequencies. This arrangement is necessary as the carrier frequencies, being
higher, suffer greater attenuation and therefore require more amplification than
do the voice frequencies. Fig. 15 shows the arrangement, the H.P. and L.P.
filters separating the voice and carrler frequencies, and the directional filters
in the carrier repeater separating opposite directions of transmission.

[\ V.F. REPEATER
/a8 ame

A L3 COIL AND H L3 B
~ BAL.NET.

7150 Ave.
N

i

- IR. FILTE H3
AR DIRFILTERS

A-B AMP.

B-A AMP.

I_l ‘q_ | [carmier RepeATER
B-A DIR. FIITERS -~

FIG. 15. V.F. AND CARRTER REPEATER.
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9. CARRIER TELEGRAPH SYSTEMS.

9.1 The principle of carrler telegraphy is to interrupt an alternating current in much
the same way as in a single current Morse Simplex System., By using alternating
currents of different frequencies in the voice frequency band, a number of messages
can be simultaneously sent over the same voice frequency or carrier channel, suit-
able filters at the distant terminal directing the signals of different frequency
to their appropriate receiving circuits. In the recelving circuits, the voice
frequency signal is rectified to produce a direct current suitable for operating
a telegraph relay.

10. TEST QUESTIONS.

1. Explain, in general terms only, the purpose of "Modulation."  What type of modula-
tion is employed in Carrier Telephony?

2, What are filters? What types of filters are necessary in a single channel carrier
system, and define the characteristics of each type?

3. Draw a block schematic circuit of a typical single~channel carrier system and exe
plain the purpose of each item of egquipment therein.

Lo Explain why it 1s necessary to separate the opposlite directions of transmission at
a carrier terminel.

5. Bxplain how a hybrid coil separates the opposite directions of transmission through
a V.F. repeater.

END OF PAPER.
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1.1 There is an almost infinite number of ways of connecting resistances, inductive react-
ances and capacitive reactances together to perform different functions, the differ~
ent circuits so formed being called Networks. From the multiplicity of different
possible combinations, a few types are encountered again and again in communication
circults so frequently as to warrant special treatment. It is the purpose of this
Paper to study two of the most frequently encountered types and to deal with some of
their applications.

1.2 The two types to be studied are called T and 7 networks from their configuration.
These networks may be balanced or unbalanced, as shown in Fig. 1.

=1 ZL Z1 Z Zy
2 2 = 3 Z 2
_"'"W"'!'_‘
<€ 4
z <2z L2
Z, 2 b St L
Zy Zy < 3
T RETWORK BALANCED T OR H T METWORK

FIG. 1. T AND # SECTIONS.
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2. CHARACTERISTIC IMPEDANCE OF NETWORKS.

2.1 If an infinite number of the single networks, or sections, shown in Fig. 1 were con-
nected together and the input impedance measured or calculated, as was done in
Paper No. 1, the same result would be obtained, that is, the infinite number of
sections would exhibit a finite input impedance. This impedance is frequently re=~
ferred to as the Iterative Impedance (to iterate means to repeat). In these books,
this impedance is called the Characteristic Impedance and designated Z, in order to
be consistent with Paper No. 1 on Infinite Lines.

3, CHARACTERISTICS OF T SECTIONS.

3,1 As described in Paper No. 1, terminating a T network or section in its characteristic
impedance makes the input impedance of the network
equal to the characteristic impedance. This is shown
in Fig. 2.

3,2 Characteristic Impedance of T Sections. The char-

acteristic impedance of such a network is:-
2

: z
T SECTION TER.INATED IN Z. Zo = 2422 +—:T S PSP PR ¢ 1)
FiG. 2.

3.3 Attenuation Produced by T Sections. The attenuation of a T network can be calculated
from the ratio of the input and output currents.
These currents are shown in Fig. 3.

The ratio of input and output will be-El and is

]
given by - 2y T2
Zo+ =+ 2
L 2 2 O iiiiieeniennd(2)
Io Z2
FIG. 3. CURRENTS IN T SECTION.  onid .44 21,20 ... .. s

I2 2Z2o  Zo

L., CHARACTERISTICS OF m SECTIQNS.

4.1 Characteristic Impedance of 7 Sections. In Fig. L, Z, is in perallel with 225, this
combination being in series with Zq, and this combination, in turn, being in parallel
with 223. The characteristic impedance of such a

Zy network is given by -
2423
—— s PP IR €9
75 Za 2Z, c /——"221
3 e 2422 + -
m SECTION TERMINATED IIT Z,,
7 _Z1Z2
or &g = cooccooo.o--.co-oo..oocoo.oco-oo‘(5)
FIG. L. 207

where ZQT 1s the characteristic impedance of a T section, having Z4 as its series
impedance and Z2 as its shunt impedance.

4.2 Attenuation of 7 Network. This is given by -

]1 — |3 — lg ——
T Z Z Z4Z
; E; = +‘EE +-§Zl g 20 Y e (0)
£ 2 2 2 Lz,
>

FIG. 5. CURRENTS IN 77 SECTION.

Jh3
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4,3 T Sections are frequently called "mid-series" sections, and the impedance of such a
section is referred to as the "mid-series impedance." 7 sections, on the other
hand, are frequently called "mid-shunt" sections, and the impedance of such a
section is referred to as the "mid-shunt impedance." The reason for these desig-
nations is shown in Fig. 6, which is termed a "ladder" network because of its

configuration.
Zy
Zy Zy < !zl'
AN AAWO—
b 3
z; : 2725
1’

FIG. 6. MID=SERIES AND MID=SHUNT DERIVATION.

5. PADS AND ATTENUATORS.

5.1 Sometimes it is necessary to reduce the amount of power input to, or output from, a
plece of equipment by a fixed amount. This is done by means of a suitable network
having the desired fixed loss, such a network being termed a Pad.

5.2 Again, the same item of equipment, for example, an oscillator, may be used under
circumstances which require the ocutput power to be varied by known and variable
amounts. This is done by means of a suitable network having the desired variable
loss, such a network being termed an Attenuator.

5.3 Pade and Attenuators are usually of the "T" or "Balanced T" type, depending on
whether strict balance is necessary or not. The series and shunt elements are
purely resistive, as they usually have %o offer a loss or attenuation which is the
same at all frequencies. Further, the pads and attenuators usually operate be-
tween simllar impedances, that is, their output and input impedances are the same,
such networks being termed Symmetrical Networks. Where the input and output imped-
ances of a network are unequal, the networks are termed Unsymmetrical Networks.

5.4 The problem of designing a symmetrical pad thus becomes one of working out values
for the resistances in Figs. 2 and 4, so that =

] 2
RiRp + X1
s

produces the required impedance between which the pad must work, together with the
required amount of attenuation. In the above expression, Rq and Ry replace 24 and
Zo, respectively, of equation (1) because, as mentioned above, the pad elements
are purely resistive. Tables are generally avallable where networks have to be
designed frequently, such tables simplifying the calculations. Table 1 is includ-
ed to indicate the accuracy required. By applying equations (1) or (L), it will
be found that the characteristic edances very closely approximate 600 ohms,
whilst an application of equations (3) or (6) will show that the attenuation is
correct.

/Table 1.
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T SECTION m SECTION
Loss in | Total Series | Shunt Resist. Total Ser- Shunt
db. Resist. ies Resist. Resist.
69 ohms 5,208 ohms 68.6 ohms 10,440 ohms

137.6 ohms | 2,582 ohms | 139.k ohms | 5,232 ohms
205.4 ohms 1,703 ohms 212.5 ohms 3,505 ohms
271.6 ohms | 1,249 ohms 287.5 ohms 2,651 ohms
33%6.2 ohms 987.6 ohms 36L.5 ohms 2,141 ohms

LS IR VI A

VALUES OF RESISTANCES FOR 600 OHM ATTENUATORS.

TABLE 1.

5.5 The problem of attenuators is frequently complicated by the fact that the input and
output impedances of the attenuator must remain unchanged as the values of the
resistances in the attenuator change to produce the required amount of attenuation.

6. CHARACTERISTIC IMPEDANCE OF T NETWORKS OF PURE REACTANCES.

6.1 In order to understand the operation of filters, a knowledge of how networks having
purely reactive elements behave 1s necessary.

6.2 As examples, some T networks of reactances will be examined. Figs. 7a and 7b show
T sections of pure inductance and capacitance, respectively. The characteristic
impedance of a T network of pure inductances is an inductive reactance at all
frequencies, and the characteristic impedance of a T network of pure capacitances
is a capacitive reactance at all frequencies.

X X4
2 X1 S

______‘ }______.

-

(a) (b)

X2

FIG., 7. T NETWORKS WITH SIMILAR REACTIVE ARMS.

6.3 Figs. 8a and 8b show two other arrangements of T sections, these having opposite types
of reactances in the arms. The type of network shown in Fig. 8a has a character-
istic impedance which is purely resistive at frequencies from zero up to that at

which Xp :-%}, and above that frequency the characteristic impedance is a pure
inductive reactance. The network of Fig. 8b has a characteristic impedance which

X
is a pure capacitive reactance between zero frequency and that at which Xp & S
Above this frequency, the characteristic impedance is a pure resistance.

/Fig. 8.
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Xy X X Xi
2 2 —2_‘ —2—
T X2 X2
(a) (b)

FIG. 8. T NETWORKS WITH DISSIMILAR REACTIVE ARMS.

6.4 It is not possible to explain by physical means, as was done for Wave Propagation in
Paper No. 1 of this book, how a network consisting of pure reactances can behave as
a pure resistance over a certain range of frequencies and as a pure reactance over
other frequencies. The only advice that can be given to students who have difficulty
in understanding the behaviour is that calculations indicate that the networks
behave this way, and that practical measurements prove it.

7. ATTENUATION OF T NETWORKS OF PURE REACTANCES.

7.1 The networks dealt with in Fig. 7 have little or no application in these books - they
were dealt with because they provided a simple introduction to the slightly more
complex behaviour of Fig. 8. The networks of Fig. 8, however, are very important,
as they form the basic types of low=-pass and high~pass filter sections.

7.2 Whilst the two sections of Fig. 8 are behaving as resistances, they are capable of
absorbing power from a generator connected to them, that is, the networks as a whole
can take power from the generator. The individual reactances, however, still
behave as pure reactances and, therefore, cannot dissipate any of the energy taken
by the network as a whole from the generator. All of the power taken from the
generator, therefore, is passed on to the termination connected to the other end of
the sections. This means that the attenuation over the band of frequencies to
which the networks offer a purely resistive characteristic impedance is zero. When
the networks become purely reactive, however, they cannot absorb power from a
generator connected to them, and the current and voltage will be 90~ out of phase at
all points. It would be physically possible for such a network to produce attenua=-
tion, that is, reduce the amplitudes of the current and voltage as they pass through
them, because a decrease in voltage and cgrrent does not represent a dissipation of
power when the current and voltage are 90~ out of phase with each other.

7.3 From the general statement above, it should be clear that the attenuation produced by
Figs, 8a and 8b is zero whilst the characteristic impedance is a pure resistance.
The fact that attenuation is produced when the networks are reactive can be proved
by using equation (3). A section, such as Fig. 8a, produces a phase shift of

exactly 180° when the frequency is above the value at which Xo ='Z%.

8. PROTOTYPE L.P. AND H.P. FILTER SECTIONS.

8.1 Paragraphs 7.2 and 7.3 above indicate that a sectlon of the type shown in Fig. 8a
could be used as a low~pass filter because it produces zero attenuation between zero

X
frequency and that at which Xp =-]} and attenuates all frequencies above this. Also,
a section of the type shown in Fig. 8b could be used as a high-pass filter, because
it produces zero attenuation at all frequencies above that at which Xp =<§1 and

attenuates all frequencies below this. These sections are called the basic or
prototype filter sections because from these are developed the more complicated
sections used in practical filters. The two sections, as they appear in Fig. 8,
are not satisfactory for two reasons.

8.2 The first reason 1s that the attenuation does not rise sufficiently sharply beyond the

frequency at which Zp = %}, called the "cut-off frequency" and designated fc. This
/is
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is shown in Fig. 9 for both the L.P. and H.P. filter sections, the attenuation outside
the pass band being calculated.

i

ATTENUATION
ATTENUATION

FREQUENCY FREQUENCY
FIG, 9. ATTENUATION VERSUS FREQUENCY CURVES.

When resistance is present, as it always is because it is not possible to wind induct-
ances without some resistance, the position is worsened because the presence of the
resistance produces a gradual rather than a sharp cut-off, besides some attenuation in
the pass band, as shown by the dotted lines of Fig. 9.

8.3 The second reason is that the characteristic impedance of such sections varles widely
over the pass band. This can be shown as follows for the L.P. section.

, Z12
4

can be derived the equation for Fig. 8a =

From equation (1) =

w22

Zo= V& e ieriiinniieennnennnnennnino(7)

I

An examination of equation (7) indicates that, when the frequency is zero, Zg is/%-'
w2r2 0272
because ™ is zero. As the frequency is increased, however, = increases until,

at the cuteoff frequency, it equals %’, so that over
this band of frequencies, the pass band for Fig. 8a,

i
!
| &
! the characteristic impedance varies between ﬂ and
J zero. This is shown in Fig. 10. C
10%, |
Zo ! By the same reasoning, the H.P. section of Fig. 8b
l will exhibit a characteristic impedance which varles
: between‘/% at infinite frequency and zero at the cut-
: off frequency. Such filter sections, therefore,
could not be terminated in a single resistance as,
PRESUENEY fe if the resistance matched the characteristic imped-
f the section at low frequencies, there would
CHARACTERTSTIC IMPEDANCE e ’
VERSUS FREQUENCY. 3; :zvere reflection at high frequencies, and vice
FIG. 10.

Included in Fig. 10 is -the curve for the character-
istic impedance for a 7 section lowwpass filter over its pass band.

/9
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9. CUT-QFF FREQUENCIES FOR L.P. AND H.,P. FILTERS.

X4
9.1 The cut-aff frequency, fc, occurs in both types when Xp =-T, as previously stated.

For the lowepass section -

= L
X4 = oL and X = o=
: 1w
. . at fc,wc— A
L wle = )
e w? =
LC
o 2,2 i
e £ =
Ly fe i
e fczz——L
LP10
1
0.0 f0= ocaouoooooooo'o.o.ooooo.aoeooa.ooooouoooo.ooo(e)
7 VLC

For the high=-pass section =

Xy =2— and Xp = oL
wC

LLC
2pe? = e
e’ = o7g
1
s s f02= s
167 LC

4

L WIC ()

Equations (8) and (9) are the cut~off frequencies for low-pass and high~pass filter
prototype sections in terms of the inductance and capacitance used.

/10.
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10. BAND=-PASS FILTERS.

10.1 A band-pass filter is essentially a low-pass filter in series with a high-pass
filter. For example, if it is desired to pass only the band 8-10 kc/s from a
band containing all frequencies from zero to infinity, the low-pass filter would
have a cut-off frequency of 10 kc/s and the high-pass filter a cut-off frequency
of 8 ke/s. The two filters are shown in Fig. 11a and are combined together, as
they are in practice, in Fig. 11b.

— TR ——

— ST —
L
f

L.P. H.P.

(a) (b)
FIG. 11. BAND-PASS FILTER.

10.2 Fig. 12 shows the attenuation versus frequency characteristics of a band-pass
filter of the type shown
in Fig. 11b. The theoret-
ical curve is shown in
full line and the actual
values shown dotted.

—_—

10.3 As it is impossible
in practice to construct
inductances and condensers
which are entirely non-
resistive, there is always
a slight amount of attenu-
ation in the pass-band of
FREQUENCY —— a filter. In general,

this does not exceed 0.5
FIG. 12. ATTENUATION VERSUS FREQUENCY CHARACTERISTIC. db, except in the neigh-

bourhood of the cut-off
frequencies, fq and f2, where the effect of the resistance is to cause a rounding-
off of the attenuation-frequency characteristic.

11. m=DERIVED FILTER SECTIONS.

11.1 A higher attenuation at frequencies just outside the pass~band, together with a
sharper cut-off, can be obtained by the use of "m-derived" filter sections. Fig.
13 shows such a section for a low=pass filter.

ATTENUATION
-

——-*f56555———:!:——<f56553»—-——

ATTENUATION

|
!
i
i
fc |
|

FREQUENCY
FIG. 13. m=DERIVED L.P. FILTER SECTION.

As shown in Fig. 13a, the shunt element is a series circuit and is designed to be
resonant at a frequency just above the cut-off frequency. At this frequency,
designated foo in Fig. 13b, the shunt element is a short-circuit and the attenua-
tion is infinite. However, past feo the attenuation falls, so that, in practical
filters, a number of such sections is used, each having a successively higher
value of foo and so providing the necessary high attenuation throughout the stop
band. /1.2
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11.2 These sections are called m-derived sections, because of the relationship between
the series elements of the prototype from which they are designed and the series
elements in the derived type. The different sections in a filter must have the
same characteristic impedance in order to prevent reflection between the sections.
If the characteristic impedances are the same at all frequencies, then the differ-
ent sections will have the same transmission bands as, in this band, and in this
band alone, Zp is a pure resistance. The series elements of a derived type will,
of course, differ in value from the prototype because of the inclusion of other
components in the shunt element. Thus, in Fig. 14, Z4 and Zp are the series and
shunt elements, respectively, of the prototype, and Z47 and Zo" are the series
and shunt elements, respectively, for a derived type.

zZ, Z1 z! z!
2 2 2 2
i
Zo 2 Zn!

FIG. 14. PROTOTYPE AND m~DERIVED SECTIONS.

As mentioned above, the transmission bands match when the characteristic impedance
match, the latter being necessary to prevent reflection. The relation between Z4
and 211 has been designated =

241 = mz4
Also 25! = Zo

11,3 It is possible to obtain a value for m for any value of fc and fe required (with
which this Paper is not concerned) and, from a prototype, to design the required
m~derived structures. This i1s a design problem and will not be attempted here.

12, PRACTICAL FILTERS.

12.1 A practical filter consists of prototype sections and m-derived sections designed
to produce the required characteristic impedance (which is the impedance between
which the filter works), together with a sharp cut-off and a high attenuation in
the stop band and a low and even attenuation in the pass band.

12.2 The variation in characteristic impedance over the pass band has now to be correct-
ed. This is done by taking advantage of the fact that the characteristic imped-
ance of a section with an m of 0.6 is constant over practically the whole of the
pass band. From equations (L) and (7), it is evident that the characteristic
impedance of a prototype section L.P. filter is -

CHARACTERISTIC IMPEDANCE L
OF m DERIVED LOW PASS FILTER T
° S eeeeereiesnteonaaeanns(10)
o L_ Wi
38 c
g BEquation (10) indicates that, at zero frequency,
05 b the characteristic impedance of a prototype m
25 sl section of a low-pass filter is ‘/%— as in the
3= 2 T ?» T prototype, but at the cut-off frequency it is
R ol 3, 2 2 infinity because the denominator of equation
5 9 ¥ (10) is zero at that frequency. By working out
S _ the characteristic impedance at all frequencies
g in the pass band for all values of m for an m=~

LU CERERRAURRC derived 7 section, that is, by experimental
CHARACTERISTIC IMPEDANCE VERSUS mathematics, it is found that the characteristic
FREQUENCY m-DERIVED SECTIONS. impedance of an mederived 7 section with an m of
0.6 is substantially constant over the pass band,
FIG. 15. as shown in Fig. 15. /12.3




PAPER NO._ 2. LONG LINE EQUIPMENT T.
PAGE 10.

12.3 The procedure now is to design an m=derived T section with an m of 0.6, split the shunt
element into two equal parts and, with these two half T sections, terminate the filter
with them arranged as half 7 sectlons, as in Fig. 16,

zZ Zy z Z Z Zy
ny  oms m = L n = g
Z2 2z,
£ OTHER p=
2 SECTIONS L
OF
t-m2 FILTER %
Z‘(Tm_) 2 %—%2)
m TYPE MTYPE SPLIT AT MID SHUNT ARRANCED FOR END SECTIONS

FIG., 16. ARRANGEMENT OF END SECTIONS.

Fig. 17 shows a 3 kilocycle low=-pass filter, together with curves giving some idea of
the purpose of each unit in a practical filter. Such filters are frequently called
Composite Filters.

60
T
}—— A —~ PROYOTYPE
50 ___B-fr=3|00~ \
c-Mm=06 \
—10 — TOTAL LOSS \(D
q40
o
g \
a0 e
=z
A
0N
20 -
-l
10
N~B]
o i 2 3 4 5 6
FREQUENCY IN KILOCYCLES
19-10mH 3t-83mH 31-83mH 8-02mHK  8-02mH 19-10mH
33.96mt s A
olzes r 59-18mH 33-96mH
To'oss,ur 0-0446uF Toosa,m
END SECTION PROTOTYPE fr =3100~ END SECTION
m=0-6 Mme=0-252 Mm=0-6
50-93mH 39-85mH 27-12mn
+ —STIT>——— ST .
33-96mH l 59-16 o
A 9-16mH 33-36mH
Atooss,ur T To-ous,us - 0-053uF

FIG, 17. TYPICAL IQW-PASS FILTER.
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13, CRYSTAL FILTERS.

13.1 Certain materials, notably some species of quartz, exhibit the property of develop-
ing an e.m.f, across them when subject to pressure or tension. For example, when
a mechanical pressure is applied to such a material, an e.m.f. 1s developed across
two opposite faces of the material, which is in crystalline form. When the pres-
sure is removed, the natural elasticity of the material allows it to resume its
former state and the direction of the e.m.f. is reversed. This action is revers-
ible in that when an alternating e.m.f. is applied to two opposite faces, slight
changes of shape take place which cause the material to vibrate. As with all
objects, a piece of such material will exhibit a natural frequency of vibration,
that is, a frequency at which the applied alternating e.m.f. will cause the
material to execute vibrations at a maximum amplitude.

13.2 As the material vibrates, therefore, alternating voltages are developed across
opposite faces, and it would be expected that the larger the amplitude of vibra-
tion, the greater will be the amplitude of the voltage developed across it, reach-
ing a maximum at the natural frequency of the specimen being used, and this is
found to be so. Specimens of different size display different natural frequencies
so that preparation of a specimen to display a particular natural frequency con=
sists in cutting a section of a large specimen to the desired dimensions. In
practice, the thickness of the specimen largely determines its natural frequency.
The completed specimen is called a "crystal," and preparation of the crystal main-
ly consists of cutting a specimen from a larger one and grinding it to the size
required to produce the required natural frequency of vibration.

13.3 As discussed above, when a crystal vibrates, an alternating e.m.f. is developed
across two of its opposite faces. The action is perhaps best explained electron-
ically from Fig. 18. The crystal in Fig. 18 is
caused to vibrate by means not shown, the opposite
faces (across which the e.m.f. is developed) being

connected to some circuit. During the half-cycle
b when side a is positive to side b, side b will
CRYSTAL exhibit a surplus of electrons that were trans-

ferred from side a (which exhibits a deficit) via
VIBRATING CRYSTAL IN CIRCUIT. the circuit connected to the crystal. During the

other half-cycle, side a is negative and, there-

FIG. 18. fore, displays a surplus of electrons collected

from side b via the circuit. Thus, the alternat-
ing voltage developed across the crystal faces causes an alternating current to
flow through the circuit. This alternating current will be a maximum at the
resonant frequency of the crystal, that is, when the amplitude of vibration of the
crystal and, therefore, the voltage developed across it is a maximum.

| l
AN
A AA A A

AddA

13.4 In this respect, the crystal behaves as a series resonant circuit, the equivalent
circuit being shown in Fig. 19. L is the effective
——<>—~M—°’WW°——II—'——- mechanical inductance due to the mass of the
R L < crystal, R is the effective resistance due to loss-
es produced by intermolecular friction as it
1‘6, vibrates, and C is the effective mechanical
i capacity due to the elasticity of the crystal. Cy
EQUIVALENT CIRCUIT OF CRYSTAL. dis the capacity between the faces of the crystal
due to its straight condenser action.

FIG, 19. /13.5

/13.5
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13.5 The reactance curve of a crystal is shown in Fig. 20. From Fig. 20 it will be seen

REACTANCE

REACTANCE CURVES OF CRYSTAL.

fa

FIG. 20. required.

that the crystal has a resonant frequency fr and an
anti=resonant frequency fa. The resonant frequency
is due to the series circuit alone, whilst the anti-
resonant frequency is due to the shunting effect of
C4 in Fig. 19. The ratlo of Cq1 to C is a constant
for any given materiel; for quartz it is 125 to 1.
This gives an anti-resonant frequency which is 0..4%
FREQUENCY higher than the resonant frequency for quartz.

13.6 The desirable feature of crystals is their low
equivalent resistance, being near enough to zero for
most practical purposes. This makes crystals ideal
for such uses as sharply tuned circuits and as re-
active elements in filters where a sharp cut-off is

13.7 Fig. 21 shows a T section crystal filter with its associated reactance curve and atten-

—

uation curve.

The crystal elements are so selected that
the resonant frequency of the series arm
(zero reactance) coincides with the anti-
resonant frequency of the shunt arm (infin-
ite reactance). Under this condition, the
network will have, from merely a general
examination, maximum attenuation at the
anti-resonant frequency of the series arm

(infinite series reactance) and at the
resonant frequency of the shunt arm {zero

shunt reactance).

2; 4
FILTER
2500 73 s
e A
1500 H
0 L
= 1000 ’-rz
S |
z ” T
w o }
g ol lee T |
I -500 = ]
b O~81-—-] z;
< -1000 t
] pa
¥ ~1s00 J,/ 7
: N
i y 7 7] [2
_zsm o [- 3
99-6 1000 1004 1008 1OI:2 I01-6
FREQUENCY IN KILOCYCLES
REACTANCE CHARACTERISTIC CURVES
120
100
g 80 N
é 60 ~F
Z 40
0
$ 20
-t
9 996 1000 1004 (008 1012 1016
PREQUENCY IN KILOCYCLES
ATTENUATION ~FREQ. CHARACTERISTIC
FIG. 21. T FILTER USING CRYSTALS.

As in the preceding filters, the pass band
will extend over the frequency band in which

Z
Zq and Zo +.7} are 0p£osite types of react-
ance. The curve for — + Zp can be obtained
by adding half the values of the—21 curve of

Fig. 21 to the Zp curve. The resultant curve
will exhibit much the same resonant and the
same anti-resonant frequencies as Z,, and will
exhibit a negative reactance below and a
positive reactance above resonance. Similarly,
the curve for Z4 can be obtained by doubling

Z
all values of the — curve in Fig. 21. Such a
curve will display the same resonant and anti-

Z
resonant frequencies as the-z% curve.,

Thus, the pass band is near enough to between
the resonant frequency of 25 and the anti-

Z
resonant frequency Of'?;' This means that the

pass band of such a filter is only 0.8% of the
mid-frequency, for example, in Fig. 21 the pass
band is only 800 c¢/s at 100 kc/s, which is too
narrow for a volce frequency chamnnel. Where
only a very narrow band is desired (much narrow-
er than the 125 to 1 ratio of Cq to C can pro-
vide), the ratio is increased by a condenser
shunting the crystal, as in Fig. 21, which
/effectively
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effectively reduces the band-width passed.

13.8 The crystal filters used are usually of "lattice” formation, those dealt with up to
the present being of "ladder" formation, (When T or # sections are connected one
after the other, the structure is not unlike a ladder.) Fig. 22 shows a lattice
filter, together with its reactance and attenuation curves.
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The series arms are alike, as are the two shunt arms, but the series and shunt arms
differ as will be seen from the reactance curves. The pass band extends over those
frequencies at which the series and shunt arms are opposite types of reactance.
Again, as in Fig. 21, the pass band is only 0.8k of the mid-frequency.

To produce the wider pass bands necessary in practice, an inductance is used in series
with the crystals. Within certain limits, this series inductance does not introduce
enough resistarce to interfere with the sharpness of cut-off produced by the crystal,
and, by a sultable adjustment of the shunt condenser across the crystals, pass bands
of any desired width may be obtained within the limits permitted by the inductance.

/e
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14. PARALLEL CONNECTION OF FTILTERS.

14,1 It 18 frequently necessary to operate filters in persllel. In Fig. 13 of Paper No.
2, there are three examples of this practice. The L.P. and H.P. line filters are
parallel connected on their line sides, the two directlional filters are parallel
connected on the H.P. line filter sides and the two groups of three band-pass
filters in the channel circuits are parallel connected on the side of the
appropriate amplifier.

14.2 Generally speaking, all filters have to work into a circult that displays an imped-
ance which 1s independent of frequency and, therefore, is resistive. As an example,
an aeriasl line into which the line filter group of Fig. 13 in Paper No. 2 works is
usually, for all practical purposes, near enough to a zero angle line. This means
that the impedance looking into the line filter group from the line, that 1s, the
impedance of the H.P. and L.P. line filters in parallel, should be a constant ree
sistance.

1k.3 As discussed previously, a constant resistance termination is provided for a filter
by designing a derived section with an m of 0.6, splitting this section down its
shunt element and terminating each end of the filter with the half sections so
formed arranged as half sections. This
effect is achleved in the parallel con-
nection by using one of the T sections,
either prototype or derived, in each filter
to terminate the filters on the sides
which are to be paralleled, as in Fig. 23.
From Fig. 23 it wlll be seen that the first
series capacity and shunt inductance of
the H.P. filter provide a shunt path con-
taining capacitance and inductance in
series across the input to the filter and
are equivalent, therefore, to the shunt
element of an m=derived L.P. sectlon.
L.P. AND H.,P. FILTERS IN PARALLEL. This means that merely connecting the two
filters in parallel, as described above,
FiG, 23. provides an m~derived termination for the
group. Where the components employed in
the terminating sections do not provide an m of 0.6, an adjustment can be made to
the first serdies inductance of the L.P. section and the first series capacitance
of the H.P. section to achieve this.

14.4 When paralleling a number of bandepass filters, it is necessary to ensure that the
impedance of each filter rises sharply outside its pass band. This is done by
using a sultable design of T section to terminate each filter at the end to be
paralleled. By this means, each filter in lts pass band will be shunted by the
high impedance of the remaining paralleled filters outside their pass bands, and
the characteristics of each filter in its pass band will be unaffected by the
presence of the others. Where the pass bands are not spaced widely apart, it is
necessary to go a step further, and this is generally the case. As before, the
filters are connected in parallel, but there will now be a difference in that the
impedances shunted across each filter by its nelighbours will be lower owing to the
narrower gaps between the pass bands.

The filters above and below will contribute reactive components which are opposite
in sign and, therefore, will tend to correct one another. For example, above the
pass band of filter 1 in Fig. 24, the reactlve component is inductive, whilst
below the pass band of filter 2 the reactive component is capacitive. Even though
these reactances be low in value they wlll correct one another, as will the ine
ductive reactance above the pass band of filter 2 and the capa.citive reactance
below the pass band of filter 3.

In Fig. 24, however, there 1s no compensating inductive reactance to correct the
low capacltlve reactance immediately below the pass band of filter 1, and no

/compensating
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compensating capacitive reactance to correct the low inductive reactance lmmediate-
ly above the pass band of filter 3. It is often necessary, therefore, to comnnect
an auxiliary network, called a “compensating network," across the whole filter
group to correct these residual low reactances.

FI1G. 24, B.P. FILTERS IN PARALLEL.

15. EQUALISERS.

15.1 As mentioned in Paper No. 1, one of the factors which tend to decrease the intel-
ligibility of telephone speech 18 unequal attenuation of the currents of different
frequencies as they are transmitted over the circuits. For example, the attenua-
tion of an open wire circuit is greater for the higher frequencies than for the
lower frequencies, and this difference in attenuation is directly proportional to
the length of line. Therefore, when long circuits are employed, it is frequently
necesgsary to employ attenuation equalisers to correct the unequal attenuation of

the line. These equalisers are usually
associated with the repeaters or amplifie

various points, in order to provide a

uniform level of current at the receiv-

ing end over the frequency range employed.

The unequal attenuation of different

frequencies is even more marked in une

]
S
N loaded cable circults.
s 2 LINE LOSS
E = 15.2 Attenuation equalisers are networks
2 7‘\ consisting of inductances, condensers
= ] \\ and resistances which are so proportioned
£ QUALISER LOSS

and arranged that their attenuation.

frequency characteristics are complement-

ary to the line characteristics that

0 FREQUENCY pr:duce the distortion. In brief, the

total loss of the line plus the loss pro-

FIG. 25. FRINCIPLE OF EQUALISFR. duced by the equaliser is the same for

all frequencies within the band of frequencies concerned. This is shown in Fig.

25‘

15.3 One of the simplest types of equalisers, shown schematically in Fig. 26, is bridged
directly across the clrcuit to be corrected. The impedance of such a bridged
equaliser must be low enough at certain fre-
quencies to allow sufficient current to flow
through it to produce the required losses at

EQUALISE these frequencies. Accordingly, the equal-
LmE % iser circult naturally changes the circuit
impedance, particularly at the frequencies
where the equaliser is to provide a substan-
tial loss. This introduces an impedance
FIG. 26, SIMPLE BRIDGED EQUALISER. Iirregularity of a sizegble value into the

circult. The use of bridged equalisers of

this type, therefore, has definlte limitations in practice.

/15.4
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15.4 In long circuits equipped with telephone repeaters, the desired equalising effects can
be obtained without introducing an appreciable impedance irregularity by inseriing
equalising networks at the mid-point of the primary sides of the repeater Input trans-
formers. Instead of changing the net loss of the line, however, this arrangement
changes the overall gain~frequency characteristic of the repeater to match reasonably
closely the loss=frequency characteristic of the line. In other words, for the fre-
quencies where the line loss is high the repeater gain 1s also high, and vice versa.
The overall loss-frequency characteristic of the line and repeater together is then
reasonably uniform over the transmitted frequency band.

15.5 Bridged T Equaliser. Both of the above methods of equalisation give satlsfactory
results where the amount of attenuation distortion to be corrected is relatively
small, The use of either of these methods to correct a large attenuation distortion
might result in an impedance irregularity of such a magnitude as to more than offset
the benefits obtained by equalising. To equalise for these relatively large amounts
of attenuation distortion, a somewhat more complex equalising network, in the form of
a Bridged T structure, may be used. This equaliser is designed to have a constant
impedance over the entire frequency band transmitted.

As the name implies, the Bridged T equaliser is built in the general form of a T net-
work, but it has an additional impedance path bridged across the series elements.
This latter path controls the loss of the equaliser. The elements of the Bridged T
equaliser are connected in a Wheatstone bridge arrangement, and the principle of its
operation may be best grasped by first referring to the ordinary Wheatstone bridge
circuit shown in Fig. 27a.

R
INPUT
=T
(a) Wheatstone Bridge (b) Wheatstone Bridge in the Form of
Circuit. a "T" Netwark.

FIG. 27. BRIDGE PRINCTPLE APPLTED TO BRIDGED T EQUALTSER.

Now rearrange this bridge circult in the form of a T network where the series elements
are bridged by the impedance S, as shown in Fig. 27b. The T network proper is formed
by A, P and B with S as the bridging impedance, while R and X now become the input and
output impedances, respectively. Next, change the impedances R, A, P and X to resist-
ances of equal value, which may then all be designated as R. For reasons to be ex~
plained later, the impedance S and B will alsc be redesignated as Z44 and 221, respect~
ively. Then, as illustrated in Fig. 28, the bridge which was balanced when

SB = XA is now balanced when =

711224 = R X R or RZ,

/When
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When the bridge is balanced no current flows in the impedance, P (Fig. 27a), and, for purposes
of analysis, the network may be simplified by removing the R resistance which replaced P in
Fig. 28, producing the network of Fig. 29.

Zy
Al b
T Zy | ot
1 { R
R R
R i’ R
y PR -
21 :: Zipn=R Z 5 R
.
2 ° 4 -2 - =
BRIDGED T EQUALISER. REARRANGEMENT OF BRIDGED T EQUALISER.
FIG. 28. FIG. 29.

Lookdng from the generator across terminals 1-2 of this network, two parallel paths can be
seen which present an input impedance Zin of =

(R + 249) (R + 2pq)
Zin =
R+ 241 + R + Zp4

_R% + RZ44 + REpq + 24474
2R + 799 + Rp4

or, substituting R® for 241294 -

R(2R + 249 + Zpq)

Zin =R

2R + 291 + Z2q

In other words, when the bridge is balanced (2441224 = R2), the input impedance of the equal-
ising network is a pure resistance, R. Moreover, since the T network is symmetrical, the
same reasoning can be applied at the output terminals 3«4 and the impedance will also be
found to be a pure resistance, R, for the balanced condition.

As in the case of any other circuit, the loss produced by this network may be determined by
the ratio of the current, I, (received in the output impedance before the network is insert-
ed), to the current I, (received after the network is inserted). Thus, the current, Iy, in
the output before the network is inserted will be -

E E

Iy = Or —=iw
PR+ U

After inserting the network, the output of the generator will remain the same, because the
impedance of the network as seen at terminals 1-2 is still R. As the input current divides
:Ln‘b<)) the two parallel paths (Fig. 29), the current, Ig, flowing in the output (terminals
3uly) 18 -

R+ZZ1
R+ Z31 + R+ 211

Ig=1Ipx

I R + Zp4
Then 48 = s——— sl —
Ty "R + 217 + Z27

Ghih e T 210+ 2o et Tt s Defs AT TeTorsTe Johe e e e rereTs) s L)
I R + Zp1

/Since
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Since the balanced condition is being considered, where
2449229 = R2, then Zp4 =B
Z44

Substituting this in equation (11) -
. RZ + 2RZ4q + 2442

Ia R + Raqq

_R+ 244
R

214
R

This shows that, as long as the balanced condition is maintained, the loss of the network
is determined by Z44. This is also apparent from an inspection of Fig. 29, because this
impedance is in series with the receiving circuit and any value of loss may be secured
“without affecting the input or output impedances, providing the balanced condition is
maintained.

To summarise, the Bridged T equaliser has a constant impedapce, as seen from both termin-
als, equal to R when 224 1s the inverse of 2144 (Z21Z11 =R ), and its oversall loss-
frequency characteristic is determined by the bridged series impedance network, Z41.

Both 211 and Zpq represent generalised impedances, which may be resistances, capacitances,
inductances or any combination of them. The one and only requirement is that established
by the balanced condition (Z11Zp1 = R?), which means there must always be an inverse re=-
lationship between Z44 and Z24. If Z41 is a pure inductive reactance, then Zo4 must be a
capacitive reactance. On the other hand, if Z44 is a capacitance, Z24 must be an induct-
ance, which is the reverse of the above case. If Z44 is a resistance, then Zp4 will also
be a resistance. When Z4q is a network, Z21 is a network with the same mumber of elements,
but each element is the inverse of the corresponding element of Z44 as shown by the follow=-
ing table -

=1+

When Z4q is - 294 becomes -~
Inductive reactance Capacitive reactance
Capacitive reactance Inductive reactance
Resistance Resistance
Series inductance Parallel capacitance
Serles capacitance Parallel inductance
Parallel resonance Series resonance
Serles resonance Parallel resonance

This inverse relationship is further shown in Fig. 30 where the series network, Z44, and
its inverse shunt network, Z24, are shown at the left and right, respectively. Here, the
advantages of using the two-digit subseript for

The first digit of the

Ly -—l—— Z become more evident.
g subscript indicates whether the element belongs
: - to the series or shunt impedance, while the
; T 22 second digit designates the corresponding in-
Cxy verse elements of the two networks. Therefore,
Cn Ry Zg ' Zy  in Fig. 30, C2q is the inverse of Liq; C22 is

the inverse of Lq2; L2 is the inverse of Cqq;

INVERSE SERIES AND SHUNT NETWORKS. and R2q is the inverse of R44. In designing a
Bridged T equaliser for a specific use, the
FIG. 30. attenuation-frequency characteristic of the Zq4

network must be complementary to the attenua-
tion~frequency characteristic of the circuit to be corrected. This is true, because the
loss<frequency characteristic of the Bridged T equaliser is controlled by the series im=
pedance network, Z44.

As an example of the general problem involved in the design of the Z44 network, consi}ar
a
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a representative application of its use in a 3—channel carrier system. In this, as in
other carrier sydtems, separate frequency bands are employed for transmission in the two
directiong. For example, in one system, transmission in one direction occuples the fre-

12 guency range from about 6 to 16 k¢/s, while
\ transmission in the opposite direction is in the
! a
4

renge from about 18 to 28 kc/s. At the termin-
alg and intermediate repeater points, the entire
N\
i

frequency band used in transmitting in each

b direction, which in the 3-channel systems in-
2‘1.udes three separate volce channels, is ampli-
ied by a single amplifier. The frequency bands

| transmitting in opposite directions are separat-
Ll ed by means of so=called "directional filters."

The attenuation of the line facilities varies
very considerably over the wide band of fre-
quencies used. The directional filters also
introduce appreciable distortion near their cut-
off frequencies. In order to maintain uniform
transmission, therefore, it is necessary to em-
ploy equalisers to counteract both of these
attenuation distortion factors. This situation
is shown in Fig. 31. Here, the losses produced
by the line and the filters individually and
their total loss are indicated by the curves so
designated. (The frequency positions of the
three volce channels in each direction of trans-
mission are Indicated by the vertical dashed
lines.) The required loss~frequency character-
istic of the equalisers is shown by the two
upper curves a and b of Fig. 31, each of which is
made complementary (inverse) to the total line
and filter loss over the fregquency band for its
direction of transmission. By adding the losses
of the line, filters and equaliser for each
direction of transmission, the resultant loss-
frequency characteristic becomes a stralght
horizontal line in each case. Because of the
ATTUAZIQH Eggggﬁi%Tégnggg AR -CHANNEL rising characteristic of the line, however, the
e e total loss for the three lower voice channels,
FIG. 31. 14, i8s less than that of the three higher voice
channels, Lp. This difference 1s readily cor-
rected by making the amplifier gains different for the two directions of transmission.

Now that the factors which give these equalisation curves (a and b of Fig. 31) and their
2 particular characteristics have been noted, it is
possible to analyse in a general way the equaliser
g \
[}

EQUALIZER LOSS IN db.
A

(o}

Ly

LOSS IN db.

o

| design considerations for one curve - say curve a

l X lb of Fig. 31. Clearly, the lossefrequency character-
N istic of the series impedance, Z44, should conform
: A N ~g as closely as practicable with the curve a of Fig.
|

I

|

|

[

{

i

is the same. As a first approach, a Z44 circult
made up of a single series condenser, as in a of
Fig. 33, will give the general loss-frequency

e s\ Ts 31, or with the solid line curve a of Fig. 32, which
“\

db LOSS OF QU
PN

. characteristic shown by curve b of Fig. 32. This,
it of course, is due to the fact that the current
s 10 5 0  through a condenser increases with frequency; con-
FREQUENCY 1N KILOCYLES sequently, its loss decreases. However, it will be
FIG, 32. EQUALISER CURVES. noted that curve b diverges widely from the desired
characteristic curve a at the higher frequencies.
To reduce the loss at f4 and thus bring the curves closer together, an inductance, L4q, can be
added in series with the condenser as in Fig. 33b. This inductance is of such a value that
series resonance occurs at approximately the frequency f4. This falls to solve the problem,

/ however
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however , because below the resonant frequency this series circuit produces a loss that
increases with decreasing frequency, as shown by curve ¢ of Fig. 32. Because of the
inductance, the curve has now become too

n Lu Cn low over most of the frequency range but yet
@) Zy= —f}— (B)Zg= —6000>——  fairly close to the desired value at the two
Ry extremities.
Apparently, what is needed is an inductance
e cy Cpa Cél which is considerably smaller than that of
<) zyg= 2 ," (d)Zy= "-:'—Q' Ly over most of the frequency range but
equal to it at f4. This can be simulated by
Ly L a parallel resonant circuilt which has a
u resonant frequency somewhat above f£4, as
FIG. 33, EQUALISER ELEMENTS. shown in Fig. 33c¢, because, up to the anti=-

resonant frequency, the inductive reactance
of a parallel resonant circuit increases with frequency. On this basis, L44 can be
selected so that it is small enough to approximate the desired loss at the lower and
mid frequencies. Then, by shunting a condenser around L4q (forming a parallel resonant
circuit), the effective inductance of the parellel combination at £ can be made equal
— - NETWoRK 1 to that of L44 alone. In this way, the low
g. z" "smORK ! impedance (angl hence low loss) is preserved
v at £1, and the loss is still increased at
lower frequencies. The net effect is the
characteristic shown by curve 4 of Fig. 32,
which comes very close to the desired
| characteristic, but even greater precision

e <co — can be obtained by adding the shunt resist-
1 R R 3 ance R44, as shown by Fig. 33d. This shunt
_ v _' __. 3] __'_' i__‘ resistance Ryq4 introduces a smell increase
r £ | in the loss over most of the frequency
| SRy 1 range and modifies the characteristic as
i —_3 | :L shown by curve e of Fig. 32, The final
NPUT SR | | rRourpur series network, Z44, and its inverse, Z24,
I Ly ! < then take the form shown in Fig. 34. In the
:Czl : inverse network, Zp4, the shunting resist-
L_ _Zgy [METWORK ance, R11, becomes a series resistance, Rpq;
20 84 the series condenser, C44, becomes a shunt

o inductance, Lp4; while the parallel reson~
FIG. Sb. EQUALISER FOR S-CHANNEL SYSTEM. ¢ circuit, C42 and 144, becomes a series
resonant circuit, Ipp and C21, The degree of perfection with which a given loas-
frequency characteristic can be matched by such an equaliser depends upon the number of
coils, condensers or resistances it is considered economical to use.

Another general application of the Bridged T equaliser is in equalising lines for pro=-
gramme transmlssion. The loss on these circuits varies with frequency as on all cir-
cuits, and, in view of the wide voice~frequency band transmitted, it is apparent that
attenuation equalisers must be used to provide a uniform loss~frequency characteristic
over the frequency band transmitted. The principles involved are, of course, the same
as those Just considered, although the details of design may be somewhat different.

16, TEST QUESTIONS.
1. What is meant by g

b) a high~pass filter, and
c) a bandepass filtex?

2., What are the desirable characteristics of any filtex?

3, What are the characteristics of prototype T and 7 Section L.P. and H.P. filters?
L. What is the purpose of me~derived filter sections in a composite filter?

5. How is an L.P. filter arranged to present a constent impedance over its pass band?

a% a low-pass filter,

6. What is the purpose of a compensating filter in a 3~channel carrier systenf?
7. What is the purpose of an equaliser in a 3=channel carrier systenf?
END OF PAPER.
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1. INTRODUCTION.

1.1 The intelligibility of telephone conversations depends not only on reducing the
attenuation and distortion produced by the characteristics of telephone lines, as
discussed in Paper No, 1, but also on the absence of noise and crosstalk introduced
along a line from neighbouring circuits. This Paper will deal with the causes of
such noise snd crosstalk, and the line prectices employed to reduce them.

1.2 This Paper also desls with derived circuits and the practice of loading cables.

2. INDUCTIVE CO-ORDINATION,

2.1 If each telephone circuit were completely isolated from all other electrical circuits,
no potentisls, other than those deliberately introduced for the purposes of
telephone transmission, would be present in any telephone circuit. In practice,
however, telephone circuits are rarely entirely isolated, as they are in close
proximity to other telephone circuits and to other electrical circuits, such as
power lines, All electrical circuits set up fields which extend into space, &and
these fields cause interference in the form of noise and crosstalk in neighbouring
circuits. The fields set up by an electrical circuit are electric and magnetic in
nature, and, unless circuits (particularly those near to one another) are properly
co-ordinated, these fields cause interference by induction. The proper co-ordination
of the circuits to minimise interference has been called Inductive Co-ordination.
Before proceeding with the methods used to minimise interference, a knowledge of
how the two fields produce interference is necessary.
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3. INTERFERENCE CAUSED BY ELECTRIC FIELD.

3.1 The potential difference between wires in neighbouring circuits and between those
wires and the earth sets up en electric field, because of the dielectric properties
of the insulating medium separating the wires. Thus, a number of capacities exist as
shown in Fig. 1, which contains a single wire disturbing circuit D (to which &n
alternating voltage is applied from s generator G) end a metallic telephone circuit,
the A and B sides of which connect two telephones, X and Y, If D is equidistant from
the A end B sides of the telephone circuit, end the A and B sides are equidistant
from the earth, then Cl = C2 and C3 = C4, Equal currents will flow from the
generator G to earth vie Cl and C3, and vie C2 and C4, as well as to earth at the
distent end of D, producing egual voltage drops across their reactances. Thus, point
P will exhibit the same alternating potentiel as point @, and no current from G will
flow through the telephones X and Y, which connect these two points.

é%iCS A

B oL
é;:CZ 5
EC4

CAPACITANCES EXISTING BETWEEN NEIGHBOURING LINES.
FIG. 1.

3.2 If, now, D is not equidistent from the A and B sides of the telephone circuit and/or
the A and B sides of the telephone circuit are mnot equidistant from the earth, then
Cl # C2 and/or C3 # C4. Unequal currents, therefore, flow from the generator G to
earth via Cl end C3, and vie C2 and C4, producing unequal voltage drops scross their
reactances. Thus, en eslternating difference in potential will exist between points P
and Q, resulting in disturbing currents flowing through the telephones st X and Y,
which connect these two points. If D is carrying e telephone conversation, the result
is crosstalk which can be audible if the capacity unbalance is too lerge, whilst, if
D is & power line, the result is noise, not only at the 50 c/s fundamental frequency
in the power circuit, but also et harmonics of this freguency, as harmonics are
almost invariably present in any power circuit., The same condition will exist if the
insulation resistances between D and the A and B sides of the telephone circuit, or
between the A and B sides of the telephone circuit and the earth, become unbalanced.

3.3 When the disturbing circuit is metallic, that is, two-wire, a complicated network of
capacities exists which cen be simplified into & bridge circuit, as shown in Fig. 2.
Al The bridge circuit is a cross section of two
circuits, A and B being the two wires of ome
circuit and Al and Bl the two wires of the
other cirecuit.

If the four wires are symmetrically disposed,
then each of the four capacities between the
wires will be equal, these being Cl, C2, C3 and
C4 in Fig. 2. This, however, is not & balanced
condition, as the capacities to earth provide
parallel capscities across the wire to wire
capacities, For example, C5 and C6 are in
perallel with Cl, C6 and C? sre in parallel
with C4, and so on. Not only must the wire to

FIG, 2. wire capacities be equal, but also the wire to

earth capacities, as in the single wire
disturbing circuit case. Under this condition, wires Al and Bl will act as null
points of a balanced bridge when & voltege is applied across A and B, and wires A
and B will act as the null points when a voltage is applied across Al and Bl, and no
interference results, /
4.

CAPACITY BRIDGE.
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4. INTERFERENCE CAUSED BY MAGNETIC FIELD.

4.1 The alternating current flowing through D of Fig. 1 produces an alternating flux
which links the two sides of the telephone circuit, Ep of Fig. 3 being the voltage
induced across the A side and Ep the voltage induced across the B side.

<« Ea The directions indicated in
Fig, 3 apply for one half-
E cycle, being reversed during
X 'll—@ =G =|- Y +the other half-cycle. When
D is equidistant from A and
B, then the amount of flux

<«—Eg linking the A side equals
that linking the B side, so

En=Ep that Ej = Ep, leaving no
EQUAL VOLTAGES INDUCED BY MAGNETIC FIELD. resultant voltage to send a
FIG. 3 disturbing current around the

circuit and through the
telephones at X and Y. :

4.2 When D is not equidistant from A and B, a resultant voltage sends current through X
and Y. The position is indicated in Fig. 4, where D is nearer to A than it is to B.

o N Here, the amount of flux
linking A will be greater than

3
R
f -||—-®-———||- thet linking B, so that Ej is
X —Eg Y

greater then Eg, leaving a

__} resultant voltage Er to send a
~—Ep Ep disturbing current in the
direction indicated. During
Ep, > Ep the other half-cycle developed
by G, all directions are
UNEQUAL VOLTAGES INDUCED BY MAGNETIC FIELD. reversed, so that a disturbing
F1G. 4. alternating current of the

seme frequency as that
developed by G will pass through the telephones X and Y.

5. COMBINED EFFECTS OF ELECTRIC AND MAGNETIC INTERFERENCE,

5.1 Fig. 5 shows what can happen when the interferences caused by the electric end
magnetic fields are considered together rather than separately. Here, again, D is
nearer to A than to B, Fig. 53 indicating the effect of the electric field during the

half-cycle of voltage developed by G, and Fig. 5b indicating the effect of the
magnetic field.

i
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COMBINED EFFECTS OF ELECTRIC AND MAGNETIC FIELDS.
FIG. 5.

As D is nearer to A than to B, Cl will be greater than C2, therefore the reactance of
Cl will be smeller then that of C2, The voltage drop across Cl will be smaller,
therefore, than that across C2, resulting in point P exhibiting e potentisl above, or
positive to, that exhibited by point Q for the half-cycle indicated in Fig. 5.
Combining Figs, 5a and Sb, it will be seen that the resultant voltage due to the
magnetic field aids the voltage due to the electric field st X, whilst opposing it

at Y. A little consideration will show that, during the other half-cycle, the same
conditions exist but with all voltages reversed.

/ 5.2
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5.2 Thus, cases can arise where one end of a circuit is noisy or where the crosstalk level
is high, whilst the other end of the circuit is silent. Under such conditions, it
is necessary to specify the end of & circuit to which a crosstelk level refers., In
Fig. 5, the crosstalk at X is referred to as "near-end" crosstelk, becsuse it is the
end of the disturbed circuit nearest the end of the disturbing circuit to which the
disturbing source of supply is connected. The crosstalk st Y is termed "far-end"
crosstalk for the opposite reason.

6. PRINCIPLES OF CROSSTALK REDUCTION IN CABLES.

6.1 There are a number of weys of eliminating or, at leest, reducing crosstalk. As
metallic, that is, two-wire, circuits are almost exclusively used in telephone
transmission, one method is to arrange the perslleling wires in sueh 8 configuration
that the effect of the field of one pair will be the same at both wires of the other
pair, and vice verss, thus leeving no resultant voltages to produce interference.

6.2 Fig. 6 shows two possible ways to effect such a non-inductive configuration.

It is not possible, because of
QA @A practical difficulties, to arrange
aerial circuits in this manner.
OA1 [ J.3] @A @B Caebles, however, can be manufactured
with each two pairs arranged as
13 [ 133 in Fig. 6, each two pairs being
known as "QUAD". When the quads
(a) (b) are arranged as in Fig. 6a, the
STAR QUAD (a) AND MULTIPLE TWIN (b) FORMATION, °&ble is termed a Star Quad cable.
FIG. 6 The arrangement shown in Fig. 6b is
S ielioe closely approximated by the
Multiple Twin cable. The Star Quad cable is used almost exclusively, having
superseded the Multiple Twin type about 1935.

6.3 In the manufacture of Star Quad cable, it is possible to restrict the capacity
unbalances existing between the four wires of & quad to only & minimum value;
manufacturing difficulties preclude the complete elimination of unbalance., It is,
therefore, necessary to joint together the short lengths of cable which go to make
up the whole length of a long cable, in such a manner that the over-all capacity
unbalance is reduced to & predetermined minimum.

6.4 To illustrate the principle, Fig. 2 of this Paper is redrewn as Fig. 7. The
capacities C5, €6, C7 and C8 of Fig. 2 are included in the capacities w, x, ¥ and z
of Fig. 7. This is possible because C5 and C6 shunt Cl in Fig., 2, C6 and C7 shunt

A C4, and so on, Wires A and B form one pair of the quad
and wires C and D form the other psir. For any voltage
introduced across A and B, there should be no resultant
voltage across C and D, end vice versa. Thus, the

z w following proportion must exist -

WX 1821y
Or W.Y = X.2

6.5 Assume, now, thet in one length of s cable the
capacities are measured snd thet w.y> x.z. This unbalance
y p o could be corrected by increaesing x or z, and this is done
in some cases {such as loaded cables, to be dealt with
8 later)., Where it is possible to connect together sdjacent
lengths of cable, the gquad discussed above would be
CAPACITY BRIIGE. connected to a quad in the adjacent length whose measured
FIG capacities are such thet w.y < x.z by an amount
et approximetely equal to that by which w.y > x.z in the first
quad, By providing belencing condensers over each predetermined length of cable in
the case of loaded cables, the whole length of cable will exhibit zero unbalence
when jointed right through. In the other case, the over-all unbalance is reduced to
a minimum, which can be corrected at the end of predetermined long lengths by added
capacity in the form of balancing condensers.

The above gives merely the principle used, A later Paper desls more fully with the
subject and with the measuring technigque employed.

X
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7. PRINCIPLES OF CROSSTALK REDUCTION ON AERIAL LINES.

7.1 Because of practicel difficulties, it is not possible to arrange serial wires in the
manner shown in Fig. 6. The scheme used on aerial circuits is one of transposition,
and Fig. 8 shows the idea.

EG————- A
‘ . B
EGge— B
Ef ——s Eo—w A
T > .18
B
Ex— E4g—>

PRINCIPLE OF TRANSPOSITION.

FIG, 8.

A cross-over of the two sides of circult P, which parallels another circuit D to
which an alternating voltage is epplied, is made half-way along the length of the
line., The direction of the voltage acting in D at some instant is indicsated.

7.2 Considering the magnetic interference first, the megnetic interference produced in P
by the A side of D will oppose thet produced by the B side, because the fields
produced by the A and B sides of D oppose. However, as the B side of D is nearer to
P than is the A side, the voltage induced across P by the B side of D will be
greater than the voltage induced by the A side, producing resultant voliages across
the two sides of P in the directions indicated. As the transposition is in the
centre of P, then El = E2 and E3 = E4, end as E1 + E4 acts in opposition to E3 + EZ2,

then there will be zero voltaege acting around P and, therefore, no interference due
to the magnetic field.

7.3 Turning now to the wire to wire capacities, the unbalancing of which causes the

electric interference, en examination of Fig, 9 will show that a stste of cepsacity
balaence exists,

s~ _A 7~
o ST N N
1 CZ* : CZT |D p - ! SS
. = - ) 2 5 C
—

L}

1 : Ct

\C,{\ W

~-B>\.7 C3
{v)

CAPACITANCES PRESENT ALONG TRANSPOSED LINE.

FIG. 9.

The actual wire to wire capacities are shown in Fig. 9a whilst an equivalent network
is shown in Fig. 9b. Eoual capacities carry identical designations, for example,
the cspacity from one half of the B side of D to one half of the B side of P is
designated Cl, as is the equal capacity from the other half of the B side of D to
the other half of the A side of P. From Fig. 9b it will be seen that a balanced

bridge exists both for voltages applied across the A and B sides of D or the A and
B sides of P.

7.4 By transposing D end leaving P wired straight through, a similar non-inductive stage
will exist between the two circuits. A transposition at the same point in both

/ circuits,
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circuits, however, will obviously have no effect in reducing interference.

7.5 Whilst a single transposition, as discussed, is effective in limiting crosstalk in a
relatively short length of line, it would not be effective in the case of a long
line for two reasons.

7.6 In the first place, because of attenuation, the voltage and current at the energised
end of & line are meny times as grest as near the far end. Thus, the crosstalk
voltages and currents induced on the energised side of the transposition will be
greater than those on the far side, and they will neutralise in part only and not
wholly. As regards near-end crosstalk, this is increased by the fact that the
induced voltaeges and currents coming back from the far side of the transposition are
necessarily attenusted to a greater degree then those coming back from the near
side. On the other hand, fer-end crosstelk is reduced because the slightly higher
induced voltages and currents on the near side of the transposition are attenuated
more in reaching the far end of the circuit then ere those induced on the far side.

7.7 In the second case, the phase shift along the line will mesn that the line may be one
or & number of wavelengths long et higher frequencies. Thus, not only will the
crosstalk voltages and currents induced along the line decrease along the line due
to ettenuation, but they will also change in magnitude and direction over the
trensposition sections due to the phese shift., Thus, if one trensposition section
has a8 maximum crosstalk voltage induced across it at some instant, that voltage
cannot be neutralised by some other section across which the crosstalk voltage is
perhaps zero or opposite in phase, It is necessary, therefore, that the
transpositions be more frequent for higher frequencies, so that the crosstalk
voltages and currents produced in one transposition section can be almost
neutralised by approximately egual voltages and currents in the adjacent section.

7.8 In some cases (for example, 140 kc/s, the highest frequency allocation on Type J
carrier telephone systems) transpositions as close as every second pole msy be
necessary.

8. EFFECT OF REFLECTION ON CROSSTALK.

8.1 THe transposition scheme outlined above does not eliminate crosstalk - this can only
be done by employing en infinite number of transpositions, Similarly, in csbles,
manufacturing and installation difficulties prevent perfectly bslanced gquads from
being obtained. As described in Long Line Equipment III, unbalance measurements
are made on cables when they are laid down and the unbalance correctives applied
limit the unbalance, so that, as with a practical transposition scheme, the
crosstalk is below the level of audibility when normael voltages are employed. As
discussed previously, reflection produces waves whose amplitude is the vector sum
of the reflected and incident waves, This means that reflection can increase
crosstalk by increasing the amplitude of the voltages and currents in & circuit in
which reflection tekes place, that is, & circuit which is incorrectly terminated or
has any impedance irregularities. Thus, crosstalk is an added reason why circuits
should be correctly termineted and uniform in construction.
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9. EFFECT OF BALANCE.

9.1 Whilst a circuit may be perfectly transposed, interference can still be produced if
the linear impedance and metallic impedances to earth are not balanced. A
metallic connection to earth exists because all C.B., manual and automatiec telephones
use an esrthed battery for supplying transmitter battery feed current.

9.2 Fig. 10a shows the through connection between two subscribers connected to
different automatic exchenges connected together via g junction, together with a
disturbing c¢ircuit D equidistant from the A and B sides of the junction.

Fig. 10b is the eqguivalent circuit with Z1 and Z2 replacing the repeater A relay
windings, 7Z3 end Z4 replacing the final selector A and D relay windings, Zg
replacing the calling and celled perties' lines and telephones and Zp and Zp

replacing the A and B sides of the junction respectively. Currents will now flow

to earth via 21, 22, 73, 74, z% and z‘% from G, as well as via C3 and C4.

If 21 # 22, Z3 # Z4 end Z% # Zg3 unequal currents will flow to earth through these
impedances, producing unequal voltage drops across them which result in disturbing
currents through the two telephones. Thus, accurate linear balance must be
meintained, as well as a balance to earth.

REPEATER = FINAL SELECTOR
CALLER T eC3 T CALLED PARTY
L | ‘Cf L LI
> o }e
s—F— 4
i} pu 1k 2
ir o | g
A = A B
L T TUNCTION L

(o)

METALLIC IMPEDANCES TO EARTH ON TELEPHONE CONNECTION.

FIG. 10.
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10. DERIVED CIRCUITS.

10.1 Where accurately balanced lines are available, additional channels can be derived
without having to provide further line plant. Such circuits are termed "Cailho"
and "Phantom" circuits. The term "Cailho" usually refers to 8 derived circuit
using an earth return, and the term "Phantom" refers to a completely metallic
derived circuit,

10.2 Cailho Circuits. Cailho circuits are generelly telegraph circuits, the sensitivity
of a telephone receiver precluding the use of earth return telephone circuits
because of noise produced by the slight changes in potential which are continuslly
taking place between different points on the earth's surface. These changes in
potential are not great enough to produce enough current to operate relays but
will meke s telephone circuit extremely noisy. Also, it is not possible to
transpose a single wire, so that crosstalk would be excessive between neighbouring
single wire lines., Fig. 11 shows the principle of the cailho circuit to derive
a telegraph channel from an existing physical telephone circuit.

N . No interference between the
telephone and telegraph circuits

will arise, provided the
}4 P Q windings of the transformers

B are accurately differential and

A the two sides of the physicsal
- TELEGRAPH TELEGRAPH circuit are balanced as regards

EQUIPMENT EQUIPMENT both lineasr impedance and

L impedence to earth., Under this

- ° condition, telegraph signals

.CAITHO CIRCUIT. divide equally at the centre

FIG. 11. point of the line windings of

the transformers to flow
through the two halves in opposite directions, producing equal fluxes which
neutralise to leave zero resultent flux.

Thus, no voltages can be induced across the transformer windings connected to the
telephones by currents from the telegraph equipment passing through the line
windings. If the transformer windings or the two sides of the line are unbalanced
as regards either lineer impedance or impedance to earth, the telegraph currents

do not divide equally. Therefore, the two fluxes produced by the line windings of
the trensformers do not neutralise and interference erises between the circuits,
because the resultant flux induces voltages across the windings of the transformers
to which the telephones are

connected. The unbalance may
MAGNETO also cause the telephone
BELL OF circuit to interfere with the
T0

PHONE telegraph circuit, Under the
balanced condition, point P
will exhibit the same potential

ot as point Q when A is speaking to
B, or vice versa, In the
I ZEhFG- unbalanced condition, however,
4MF . point P will exhibit a different

potential from point Q, so that,
whilst speech will be practically
unaffected because of the high

CATLHO CONNECTIONS. impedance of the telegraph
equipment, 16 cycle ringing
FIG. 1l2. current may interfere with the

telegraph equipment.
In some cases, it is possible to utilise existing magneto bells on & trunk line
in order to provide suitsble centre points for connecting & cailho telegraph

circuit. This is shown in Fig. 12, which contains both the transformer and bell
connections to show the similarity.

/ 10.3
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10.3 Phantom Circuits. The principle used in the csailho circuit is used in the phantom
circuit, except that the metallic return is supplied by another physical circuit as
shown in Fig. 13. Here, again, the circuits must be accurstely balanced as regards

both linear impedance and impedance to earth, and the transformers must be accurately
differential.

In Fig. 13, the two physical circuits A and B are usually referred to as "side"
circuits. Whilst the transformers in the phantom circuit are not necessary for
successful operation, they are usually included so that an unbalanced physical
circuit will not upset the balance of the phantom when such a circuit is
connected to the phantom.

1
T
:

PHYSICAL 1 T2

(SIDE CIRCUIT)

é PHANTOM
PHYSICAL 2
(SIDE CIRCUIT)

PHANTOM CIRCUIT.

T4

ot L

6

L Sty it
—m)

FIG. 13.

10.4 Phantom Trenspositions. As esach side circuit represents one side of a phantom
circuit, it will be necessary to transpose the side circuits of a phentom as well
as the two wires of esch side circuit. Fig. 14 shows tne four types of
transpositions necessary to meet all conditions. Fig. 14a shows @ transposition
in the phantom as well as the side circuits; Fig. 14b shows a transposition in
the phantom and the side circuit A; Fig. l4c shows a transposition in the
phentom and side circuit B; and Fig. 14d shows & phantom transposition only.

A ; i A
4 (8) N S
Apeme - A_
B B
(c) (a)

PHANTOM TRANSPOSITIONS.

FiG. 14.
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10.5 Composite Circuits. Composite circuits are provided to derive two telegraph
channels from a physical telephone circuit. The composite, or C.X., set uses crude
low and high pass filters to separate the telegraph and telephone signals
simultaneously sent over a physical telephone circuit. Discrimination on s
freguency basis can be used, because any telegraph signal can be resolved into a
fundamental frequency determined by the sighalling speed plus & number of odd
harmonics which, when added to the fundamental, produce the "square-topped"
telegraph signal.

Fig. 15 shows the idea applied to a double current telegraph signal. 1In order to
ensure reasonable signal formation, the third harmonic of the fundamental must be
passed into the telegraph equipment so that the signelling speed over a C,X. circuit
is fixed by the cut-off frequency of the low-pass filter used to pass the low
frequency telegraph signals and block the high frequency telephone signals.

FORMATION OF SQUARE-TOPPED SIGNAL.

FIG. 15.

This cut-off frequency is about 80 ¢/s in a C.X. set, which fixes the upper limit at
75 c¢/s, producing e fundemental frequency of 25 c¢/s. Therefore, the signalling
speed over the telegraph circuit

I—= - is limited to 50 bauds. The
2MF 2mF high-pess filter, therefore, has
SAA COIL LSPEECH 8 cut-off frequency of 80 c¢/s, in
~ o CIRCUIT order to pass the higher frequency
H.P fc = 80~ SAA COIL telephone signals and reject the
2uF 20F lower frequency telegraph signals.
R —r = - ) Fig. 16 shows the arrsngement of
one terminsl of 8 composited
lm * ) line.
5AA COIL mm AF
As the high-pass filter in the
L.P fc = 80~ J >£lGGP?:L telephone chennel will not pass
LEGS frequencies below 80 c¢/s, some
SAA COIL EMF frequency other than 16 ¢/s is
required for signalling over such

circuits. The frequency used is

COMPOSITE SET. 135 ¢/s or 1,000 ¢/s, the
=  m B operation of these ringing circuits
FIG. 16, being dealt with lsater.

10.6 Combined Phantom and C.X., Circuit. In many cases, composite circuits are derived
from the side circuits of phantom circuits. TFig. 17 shows a typical circuit, the
C.X. sets being connected on the line side of the phantom transformers.

10.7 Fig. 18 shows, in pictorial form, the various methods of increasing the efficiency
of line plant as far as telephone channels are concerned.

/ Fig. 17.
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11. DISTORTION PRODUCED BY LINES.

11.1 When the various constants of a line are considered in their effect on a complex
communication signal, two types of distortion sre produced. By distortion is
meant any alteration in the shape of a signal passing along & line, The two
types of distortion produced are -

(i) Frequency Distortion. As the attenustion constant increases as the
frequency rises, low frequencies will be transmitted with less
attenuation than high frequencies., This means that the amplitude
relations between the different freguencies at the output will differ
from those at the input. 1In other words, the line discriminates in
favour of low freguencies and against high frequencies,

(ii) Phase, or Delay, Distortion., The different frequencies travel along the
line at different velocities, so that, slthough they may be applied to
the input of a line simultaneously, they will not arrive st the output
together., This means that the phase reletions between the different
frequencies at the output differ from those at the input,

11.2 Fig. 19 shows the effects of frequency and phase distortion on the shape of a
signal containing 2 fundamental and a second harmonic. Phase distortion is not
so serious as frequency distortion, as the ear does not seem to be sensitive to
changes in the phasing of the different frequencies which go to make up a complex
sound wave.

RESULTANT RESULTANT RESULTANT
7\
ll ™\ FUNDAMENTAL FUNDAMENTAL N\ FUNDAMENTAL
‘\ 280 HARMONIC 2np HARMONIC
\
N
\\
]
\ /i

(b) Receiving End Showing
Frequency Distortion
With Respect to (a).

(e) AND (b). RELATIVE AMPLITUDES OF FUNDAMENTAL
AND HARMONIC AT SENDING AND RECEIVING ENDS.

(c) Receiving End Showing
Phase Distortion With
Respect to (a).

(2) Sending End of Line,

(a) AND {(c). RELATIVE PHASE RELATIONSHIP OF FUNDAMENTAL
AND HARMONIC AT SENDING AND RECEIVING ENDS.

FIG. 19.

12. DISTORTIONLESS LINE.

l2.1 Both frequency and phase distortion are produced by the reactive nature of s line.
If a line could be made non-reactive at all freguencies, all frequencies would
undergo the same attenuation and travel at the same velocity, thst is, the line
would produce neither frequency nor phase distortion. This would be so because,
no matter what frequency was applied to the line, it would encounter a pure
resistance, the effect of which does not vary with frequency.

12.2 To make a line non-resctive, it is necessary to neutralise the effect of the
capacity inherent in the construction of all lines by the inductance, which is
likewise always present. The capacity and inductence cannot be eliminated, so
the method of attack is to make the effects of one neutraslise the effects of the
other.

12.3 The effect of the inductance in the series elements of a line will be to make the
current through them lag the applied voltage by an angle ¢ so that

The effect of the shunt capacity in the shunt elements will be to
/ make

WL
t = A
an @ m
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maeke the current lead the voltage applied to them by an angle @ so that

tan § = wCRS = %%A
reciprocal of the shunt or insulation resistance, RS. This is shown in Fig. 20.

G being the shunt conductance or leakance which is the

12.4 If @ = ¢, there would be zero phase displacement and the line would be non-reactive.
For 6 to equal @, tan © must equal tan §, thet is -

oL _ oL R_G
7 =G or RoC = GwL or RC = LG or T =3
In all telephone transmission lines, % is much greater then %, as the inductance

for the lines is very smsll. For example, 40 lb. cable hes the following primary
constants -

R = 44 ohms per loop mile,
L = 0.001 henry per loop mile,
G = 1 x 10-5 mhos per loop mile, and
C = 0.0625 x 10~6 farad per loop mile,
so that 2 = 44,000 and ¥ 2 16.
I [
R L
tan @ = EE
Eg
- 10L
IR
= @@L
R
E
1. —
tan¢=_£=(.i.c_
Igs E
RS
= ZCRS | cRs
i
Bi® 5

> E

VECTOR DIAGRAMS OF SERIES AND SHUNT ELEMENTS OF LINE.

FIG. 20.
In order to approach this distortionless condition, that is, mske % = gy it is

necessary to modify artificially one of the primary constants. The most
convenient one to manipulate is the inductance, and this is done by adding

inductance to the line, the process being known as "losding".
/ 13.
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13. LOADING.

13.1 There are two methods used in loading practice, "Continuous Loading" and "Lumped
Loeding".

13,2 Continuous Loading. This process involves wrepping the line in a tape of some
magnetic material., This treatment is expensive, and the amount of inductsnce
which can be economically provided is small.

13.3 Lumped Loading. This process involves introducing inductance coils at strictly
egual intervals along the length of the line. Under these conditions, the
performance of the line will be modified from that obtained when the inductance
is evenly and continuously distributed. This is because a lumped loaded line
constitutes a series of low-pess filter sections, having the lumped inductances
of the loading coils as the series inductance and the coil capacity, together
with the lines distributed capacity, as the shunt capacity. Loaded circuits,
therefore, display a definite cut-off frequency, this being determined by the
magnitude of the inductance used and the spacing of those inductances. Thus, the
value of the inductance used, together with the spacings, will be determined by
the frequencies to be sent over the circuit. Voice frequency circuits are loaded
with 88 millihenry coils at 6,000 feet intervals. This produces a cut-off
frequency of between 3.5 kc/s snd 4 kc/s, depending on the gauge of the conductor
used in the cable being loaded. These loading figures are unsuitable for circuits
which are regquired to transmit carrier frequencies or to relasy broadcast
programmes, "Carrier Loading" employs 3.5 millihenry coils at 750 feet intervals,
producing a cut-off fregquency of approximately 54 ke/s. "Programme Loading"
employs 14 millihenry coils at 3,000 feet intervals, giving a cut-off frequency
of at least 12.5 kc/s, depending on the gauge of the cable being loaded. Aerial
circuits are not loaded, as their phase angle is normally small, This is shown
in Table 2 of Paper No. 1, which indicates that, in their normal condition, serial
circuits are much more nearly non-reactive than are cables.

13.4 Loading also raises the characteristic impedance, This is extremely useful where
aerial and cable sections are connected in tandem., The characteristic impedances
of cables are much lower than those of serial lines, but a smooth, continuous
circuit can be provided by suitably loading the cable sections to bring their
characteristic impedances up to those of the aerigl sections, Table 1 shows how
V.F. loading increases the characteristic impedance of cables and reduces the
phase angle, as discussed above. The frequency employed is 800 c¢/s.

Type of Cable. Zq Unloaded. Z, Loaded.
10 1b. S.Q. Cable 366 \41938" ohms 1085 \11°3' ohms

20 1b. S.Q. Cable 515 ;45516' ohms 1121 ;5040' ohms

40 1lb. S.Q. Cable 683 ;4456‘ ohms 1113 ;30 ohms

TABLE 1.

13.5 This increase in Zg also produces the highly desirable effect of decreasing the
attenuation. If the same power is applied to a line and its Z, increased, the
input current will decrease. As the power loss along the line is proportional to
the squere of the current flowing along it, and as Z, decreases this current, then
the power loss will become smaller as Z, is increased, meaning that the
attenuation is decreased. Loeding for voice frequency purposes is used mainly
for this reason. At carrier frequencies, the aim of loading is not so much to
reduce the attenuation as to make the characteristic impedance independent of
frequency, this being achieved because the line behaves largely as though non-

/ reactive.
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reactive., Table 2 shows how the attenustion constent is reduced by V.F. loading.
The change in the phase constant is also included in Table 2, Loading will
increase the phase constant, because increasing the series inductance will
decrease the velocity of propagation and, therefore, increase the phase constant.

Attenuation
Type of Cable, Per Mile. Phase Constant.
Unloaded Loaded Unloaded Loaded
10 1b., S.Q. Cable 1.56 db 0.803 db 109341 33%2g1
20 1b. S.Q. Cable 1.021 db 0.386 db 706" 2609481
40 1b. S.Q. Cable 0.703 dbv 0.202 db 5012 26936
TABLE 2.

13,6 Loading Coils for Phantom Circuits. Coils for phantom loading ususlly have lower
inductance values than side circuit coils, but they must have four windings.

Fig. 21 shows the connections of a loading point in a phantom group for the side
circuits and the phantom.

0D CoIL! e
e ilaniili
| |
| | '
e | | —
e | |
o5 | _ | F—
, 0009
| | | |
| i | |
ADINE COIJ p 1
SIDE CIRCUIT PHANTOM

LOADING COILS FOR PHANTOM CIRCUITS.

FIG. 21.

Phantom loading coils are connected in such a manner as to be non-inductive to the
currents circulating in either side circuit, but inductive to the currents in the
phantom circuit,

13,7 Haelf-Coil and Half-Section Terminations. When loading is introduced into & network,
“such as metropolitan junction network, attention must be given to the conditioms
possible when two loaded junctions are connected together.

Assume it is decided to load a junction network with 88 millihenry coils at 6,000
feet., It is necessary at a certain point in the network {that is, the main
exchange) to space the coils so that, when two junction circuits are connected
together, the correct spacing is maintained. This can be done in two ways -

(i) At the main exchange, a half-coil (44 millihenrys) can be used to
terminate each junction, whilst 6,000 feet sway & full 88 millihenry
coil is inserted. This will give conditions of 88 millihenrys at
6,000 feet uniformly, when two junctions are connected together.
(Disadvantage. Purchase of special half-velue loading coils is

necessary. s
/ (ii)
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(ii) Place the first coil in each junction only 3,000 feet from the main exchange.
When two junctions are interconnected, 6,000 feet spacing is maintained.
This method is generally preferred.

The two methods are shown in Fig. 22.

MAIN EX.
6,000 6,000 6000’ 6,000’

88 mH 88 mH 44nH 44 mH 88mH 88mKR

(a) Half-Coil Termination.

MAIN EX.

8000' 6,000 3000 3000, , 6000 , 6000
ZAY ZA) ‘{:]
88mH

N\
88 mH 88 mH 88 mH } 88mH 88 mH

(b) Helf-Section Terminstion.

SPACING OF LOADING COILS.

FIG. 22.

14, TEST QUESTIONS.

1. Explain briefly how crosstalk is produced between paralleling telephone lines.,

2. Explain how Multiple Twin cable produces a non-inductive relation between the two
pairs of a quad.

3. Explain why transpositions on aerial lines have to be closer at higher frequencies
than at lower frequencies.,

4, Discuss the conditions necessary for preventing interference between a phantom and
its side circuits.

5. Describe, with sketches, the use and operation of a composite set.
6. What is meant by "lumped" loading? Discuss the advantages of loading cables,

7. What is meant by "half-coil™ and "half-section" terminations?

END OF PAPER.
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THERMIONIC VALVES.

INTRODUCTION.

ELECTRON THEORY.

TWO-ELECTRODE (OR DIODE) VALVE.
CONSTRUCTION OF THE CATHODE.

EFFECTS OF CATHODE TEMPERATURE AND ANODE VOLTAGE
ON ANODE CURRENT,

TRIODE VALVE.
CHARACTERTSTIC CURVES.

VALVE CONSTANTS.

SCREEN-GRID (OR TETRODE) VALVES.
CONSTANTS OF SCREEN-GRID VALVES.
PENTCDE VALVES,

CONSTANTS OF PENTODE VALVES.

DYNAMIC CHARACTERISTICS OF SCREEN-GRID AND PENTODE
VALVES.

BEAM POWER VALVES.
EFFECTS OF GAS.

VALVE FAULTS AND TESTING.
VALVES -~ TYPES IN USE.

TEST QUESTIONS.

1.1 Thermionic valves are used in all amplifiers and oscillators, and as modulatars and
demodulators in many cases. By way of an introduction to the study of valves, it
is convenient to think of a valve as a fully electrical application of the principle
used in the carbon granule telephone transmitter.

1.2 In this type of transmitter the acoustical energy input is not converted into
electrical energy - the acoustical energy input controls the amount of electrical
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energy passing through the transmitter circuit, that electrical energy being supplied
from a direct cwrrent source. This direct current source can supply an amount of
electrical energy far in excess of the amount of acoustical energy input to the
transmitter, and this, together with the design of the transmitter, makes the con-
trolled electrical output from a transmitter much greater than the acoustical input.
In other words, the transmitter is an amplifier. An amplifier does not violate the
energy conservation law as no conversion of energy tekes place and an auxiliary
supply of energy to be controlled must be provided. In a thermionic valve both
controlling and controlled energies are electrical, thus meking the device fully
electrical and extremely useful for electrical amplification.

1.3 An amplifying device is an important unit in all oscillators, and the telephone
transmitter can be used again to illustrate the principle here. The phenomenon of
a telephone "howling" is quite familiar. This is caused by the transmitter picking
up a sound and amplifying it, portion of that amplified sound being reproduced by
the local receiver. If the phase shift in the electrical circuit between transmite
ter and receiver, plus that of the air path between receiver diaphragm and transmit-
ter diaphragm, is 360° or some integral multiple thereof, the sound produced by the
receiver will reinforce the original sound, this action going on indefinitely. The
original sound could be removed, as it frequently is, and the action would continue
provided the amplification produced by the transmitter exceeds the losses produced
around the electrical plus acoustical circuits. Under these circumstances, the
circuit is said to be "oscillating," A thermionic valve would produce oscillations
if, on an electrical signal being applied to the valve, some of the controlled oute
put is returned to the input in phase with the original input, as in the telephone
case.

1.4 The telephone tranamitter has already been considered as a modulating device in Long
Line Equipment I, Paper No. 2, and this description will not be enlarged on for the
purposes of this introduction.

1.5 Before proceeding with a study of thermionic valves it is desirable to discuss brief-
ly the electron theory of atomic structure, as it is on this theory that the opera-
tion of valves is based.

2. ELECTRON THEORY.

2.1 Molecules. A molecule is the smallest perticle of a substance it is possible to have
which retains the properties of the original substance as a whole., The molecules in
every different kind of material, therefore, are obviously different from all other
molecules, and it is the nature of these molecules which govern what any material
reelly is, While there are countless different kinds of molecules, these molecules,
in themselves, are compounded from smaller particles known as atoms.

2.2 Atoms. Atoms are made up of minute particles of positive and negative electricity
known as Protons and Electrons. There are approximately 92 different kinds of atoms,
each one being a different combination of these minute charged particles. The Proton,
or positively charged particle, is the exact opposite of an Electron which consists
of an equal amount of negative electricity. An atom consists of a central positive
nucleus around which circulates a number of electrons in various orbits. An atom of
hydrogen consists of a nucleus of one proton with one electron circulating around it.
In all other atoms the nucleus consists of protons and electrons with the number of
protons predominating, meking the nucleus positive. Sufficient negative electrons
to neutralise exactly the net positive charge of the nucleus rotate in various orbits
around the nucleus to make the atom as a whole neutral, that is, neither positive or
negative., Three types of atom are shown in Fig. 1. /Pig. 1.
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HYDROGEN  ATOM HELIUM _ATOM

(lg\%cl.ms i CALCIUM ATOM
20 NEUTRONS)

FIG, 1. ELECTRONS -~ BASIC UNITS OF ENERGY.

2,3 Thermionic Fmission. In some kinds of atom some electrons describe much larger orbits
than in other electrons = so much larger that such electrons are held to the nucleus by
only a small attractive force. It is possible for these electrons to break free from
one atom and attach themselves to another which is deficient of electrons at the time.
These electrons are called "free" electrons, and atoms containing many free electrons
are good conductors. Thuy, the free electrons in a conductor are not guiescent but
are continually in motion, just as molecules of gases are continually moving according
to the Kinetic theory. Although the individual electrons are continually in motion,
the average movement in any definite direction in the conductor is zero over a long
time, for example, 1 second, which is long compared with, say, the time of 1 cycle at
10 ke/s. On an electromotive force being applied across the conductor the motion
takes up a definite direction, the direction of movement being opposite to the con~
ventional direction of current flow.

At normal temperatures there is an effect at the swrface of the conductor which is
analagots to surface tension in a liquid, and this effect prevents free electrons from
escaping beyond the surface of the conductor. As the temperature is raised, however,
a proportion of the electrons breaks through the swrface of the conductor, Just as an
increase in the temperature of a ligquid will cause evaparation. The treaking through
of the electrons appears to be due to an increase in the Kinetic energy of the
electrons with an increase in temperature, just as the Kinetic energy of mplecules of
a liquid increases with an increase in temperature.

/When
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When the electrons escape from the hot conductor, this conductor will have lost a neg-
ative charge proportional to the number of electrons emitted. The conductor, therefore,
will be pogitively charged with respect to the emitted clectrons, and the decelerating
force of the attraction between the positively charged conductor and the negatively

charged electrons will gradually stop the emitted electrons and draw them back to the
conductor again.

In the first valve developed, a filament of some conducting material capable of emit-
ting a large number of electrons at a reasonable temperature was heated by passing a
steady direct current through it. The number of electrons emitted was found to depend
on the temperature of the filament and the material used. The electrode from which
electrons are emitted is known as the "Cathode."

2.l Space Charge. The cathode of a valve can be regarded as being surrounded by a cloud of
electrons., The density of the cloud is greatest near the cathode, decreasing as the
distance from the cathode increases because those electrons reaching some distance from
the cathode repel other electrons subsequently emitted. This, together with the
attractive force of the positively charged cathode, keeps the majority of the emitted
electrons close to the cathode. The cloud of electrons about the cathode of a valve is
called the Space Charge.

2.5 Space Current. If a cold piece of any metal is placed just outside the region of the
space charge and connected by a conductor to the hot cathode then, since the cathode has
been left with a positive charge due to loss of electrons and the piece of cold metal
is comnected to it, the cold metal will also have a positive charge. The cold electrode
being positive, therefore, will attract to it some of the electrons (negative) from the
space charge and there will be a movement of electrons along the conductor back to the
hot cathode again.

The electrons of the space charge will either travel back to the cathode direct or via
the cold electrode. The direction of travel is divided, depending on the distance the
electrons have to travel through space and whether they are on the outside or inside of
the space charge. Naturally, the further the cold electrode, or anode as this electrode
is called, is placed into the space charge, the more electrons it will collect. Fig.

2 shows the electron movements which take place.

FEW ELECTRONS
ATTRACTED

HOT EMITTER
(CATHODE) COoLD

ANODE

CONVENTIONAL
DIRECTION OF
SPACE CURRENT Y SPACE CHARGE
OR ANODE CURRENT

+f;\\_ <_J DIRECTION OF
O/ ELECTRONS

SMALL CURRENT

ELECTRON MOVEMENTS IN A VACUUM. NO ANCDE POTENTIAL APPLIED.

FIG, 2.
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The electrons passing back via the anode and its circuit constitute a small electric
current called the space current or anode current.

It is important to note that the direction of the electron stream differs from the
conventional direction of the flow of current, that is, from positive to negative in
a conductor. When the terms positive and negative were first applied, means were
not available for ascertaining in which direction current actually did flow. The
terms, originally applied to the copper and zinc plates of a primary cell, were only
arbitrary and could Just as easily have been reversed originally.

2.6 Positive Anode. If a battery is connected between the anode and cathode with its
positive pole to the anode to meke it more positive, then the attraction of the anode
becomes much greater., The current will now be increased due to more electrons being
attracted by the higher positive potential. This is showm in Fig. 3.

MANY ELECTRONS
ATTRACTED

HOT EMITTER

CcOLD
( CATHODE)

ANODE

CONVENTIONAL
DIRECTION OF
SPACE CURRENT Y
OR ANODE
CURRENT

SPACE CHARGE

DIRECTION OF
il 1N\ ELECTRONS
'M'lT +\{J: <_J

LARGER CURRENT

ELECTRON MOVEMENTS IN A VACUUM WITH ANODE POTENTIAL APPLIED.

FIG. 3.

2,7 Emission Control. Electrons cannot only be drawn off the cathode and controlled by
a suitable electric field but are capable of being moved at enormously high speeds
and also of changing their speed and direction practically instantly. These are
the properties which make the phenomenon of electron emission so valuable in
practice.

Vet
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3, TWO-ELECTRODE (QR DIODE) VALVE.

3.1 The type of valve shown in Fig. 3, and containing only two electrodes, is termed a
"diode," The electrode which emits the electrons is called the "cathode," while
that which attracts them by a positive potential is, as mentioned, called the "anode."

3.2 These electrodes are enclosed in a glass envelope which has been exhausted of all
traces of air and exhibits the highest vacuum which it is practicable to obtain.
The absence of air or any other gas allows the electrons to travel unimpeded from
cathode to anode -~ collision with gas molecules would cause the electrons to lose
much of their energy in the collision. Fig. 4 is an "exploded" diode from which
the relations between the electrodes should be clear.

\ Elg ANODE

\

CATHODE A :

SYMBOL

HEATER

FIG. 4.  TWO-ELECTRODE VALVE OR DIODE.

4. CONSTRUCTION OF THE CATHODE.

4.1 Two types of cathode are in use =~

(i) Directly heated cathodes, and
(ii) Indirectly heated cathodes.

4,2 Both types are heated electrically, either by forming the cathode into a filament that
is raised to the necessary temperature by the passage through it of a suitable current
or by using a cylindrical cathode that is heated either by conduction or radiation
from an internal heater consisting of an incandescent filament. Filament cathodes
may be of the tungsten, thoriated tungsten, or oxide~coated type, while heater type
cathodes always employ an oxide=coated emitter because of the impossibility of obtaine
ing by indirect heating the high temperatures required by other emitters.

4.3 Directly heated tungsten filaments are made from the pure metal, and they must operate
at very high temperstures for efficient electron emission, whilst thoriated tungsten
filaments are made from tungsten impregnated with thorium. In valves with this
latter construction, electron emission occurs at much lower temperatures than with
pure tungsten filaments, and such valves are mare economical, therefore, so far as
filament power is concerned.

/In
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In both directly and indirectly heated cathodes, oxides are usually applied as a
coating on the surface of a suitable metal, such as a nickel or platinum alloy.

This coating requires an even lower temperature for efficient electron emission, and
is extremely economical as regards filament power. However, each of the above-
mentioned cathode materials has special advantages which determine the choice for a
particular application.

L.l The indirectly heated cathode has many advantages. One advantage is that all points
are at the same potential whereas a voltage drop takes place over directly heated or
filament type cathodes.  Another advantage is that no special circuit arrangements
are necessary when alternating current or unsmoothed direct current is used to heat
an indirectly heated cathode.

5., EFFECTS OF CATHODE TEMPERATURE AND ANODE VOLTAGE ON ANODE CURRENT.

5.1 In the diode only two means are available for varying the snode current, these being
the variations in cathode temperature and in anode voltage. These two factors also
cause anode current variations in the multi-electrode valves to be dealt with later,
but in those valves other means are also available.

5.2 Electrons escaping from the cathode will be drawn to the anode by the attractive
force of the positive potential on that electrode, and a continuous flow of electrons
from cathode to anode will result. The velocity and number of electrons which cross
from cathode to anode are determined by the cathode temperature and the potential of
the anode with respect to the cathode. A milliammeter connected in the anode cir-
cuit, as shown in Fig. 5, will indicate the actual value of the anode current.

()
mA
o/
ANODE
"ELECTRONS i
b
GHRY - FILAMENT

=I5 CATHODE

® A A
Wa———]Jt—
A

FIG, 5. CIRCUIT FOR SHOWING FACTORS AFFECTING ANODE CURRENT.

5.3 Cathode Temperature Effect. If the rheostat R in series with the cathode of Fig. 5
or in series with the heater for an indirectly heated cathode) is adjusted so as to
decrease the cathode or heater current, thereby
Vi lowering the temperature of the cathode, then
the anode current as read on the milliammeter
will decrease, Eventually, with the cathode
at room temperature no anode current is indicat-
ed on the milliammeter, so that the space or
anode current is zero. On the other hand, if
the rheostat is adjusted to increase the cathode
or heater current the temperature will also
increase, thereby increasing the space or ancde
current. The general relationship between
o) CATHODE OR HEATER CURRENT anode current and cathode or heater current for
a representative valve is shown in Fig. 6.

ANODE CURRENT

CATHODE OR HEATER CURRENT VERSUS
ANODE CURRENT. There is a 1imit, however, to the increase in
space current that can be obtained by increasing
FIG. 6. /the
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the cathode temperature. This is due to the fact that electrons repel each other be-
cauge they are all negatively charged and free electrons in the space surrounding the
cathode tend to keep new electrons from leaving the cathode. In other words, the
electrons themselves, when emitted, tend to counteract further emission of other
electrons or to exert a repelling force on electrons within the cathode. This is
called the "Space Charge" effect. When the cathode reaches a certain temperature
there will be so many electrons in the surrounding space that their repelling effect
prevents any further increase in the number of electrons leaving the cathode.

The space current then becomes constant regardless of further increase in temperature,
as shown in Figs, 6 and 7.

When conditions are as shown by point A in Fig. 7, the valve is said to have reached
the temperature saturation point for the particular positive potential at which the
anode is maintained. In practice, the operating temperature for the cathode is fixed
at a value slightly higher than point A, so that a slight change in the filament
battery voltage or heating current will not appreclably affect the performance of the
valve.

5.4 Anode Voltage. Having considered the effects of changing the temperature of the
cathode, next consider the effects of a change in anode voltage with the cathode at
constant temperature. Fig. 8 shows that, as the anode potential is increased, thereby
increasing its ability to attract eleetrons, the anode current increases to a more or
less constant value = a state in which the electron attracting ability of the anode
exceeds that of electron emission from the cathode.

S
£
: - :
g" OPERATING o
PERATURE D
x (V]
=
9] w
o
w Q
8 Z
z
<
° TEMPERATURE ) ANODE VOLTAGE
CATHODE TEMPERATURE VERSUS ANQDE ANQDE VOLTAGE VERSUS ANODE CURRENT
CURRENT CHARACTERISTICS. CHARACTERISTIC.
FIG., 7. FIG. 8.

The voltage at which the anode current becomes constant, point S in Fig. 8, is called
voltage saturation point for the particular temperature at which the cathode is
operated. In practice, the valve is generally operated well below the voltage sat-
uration point.

If the anode potential is made negative with respect to the cathode, the space current
will be reduced to zero. Anode current will flow, therefore, if the anode is positive

/with



LONG LINE EQUIPMENT I. PAPER NO. ©.

PAGE 9.

with respect to the cathode and will flow only in the conventional direction through
the valve from anode to cathode. This unidirectional conductivity makes the diode
valve particularly adaptable as a rectification device for alternating currents.

5.5 Rectification. If an alternating e.m.f. is substituted for the anode battery and a
load resistance connected in series, as shown in Fig. 9, anode current of varying
amplitude will flow during each positive half-cycle of anode voltage (that is, with )

respect to the cathode

DIODE CHARACTERISTI but will cease to flow

during each negative

half-cycle of anode
voltage. In other
words, there will be

a continuous series

of pulses of current

flowing in the same

_RECTIFIED OUTPUT CURRENT direction as graphic-

TTUTIAN T ally shown., Conse-
quently, the ancde
current flowing through
4+ the load resistance

will be a unidirection-
al current pulsating

—>» ANODE CURRENT

@-4—0

I
[ — oAAMAS— at a frequency equal to
ALJSE??’QSG | LOAD that of.‘ ‘the? e.m.T,
ON ANODE | producing it. The
diode valve has pract-
| ical use, to some ex-
P / tent, in radio receive
A.C. ers, measuring equip~
ment and power equip-
ment because of its
FIG. 9. SIMPLE DIODE RECTIFIER. feekifvine propenalast

6. TRIODE VALVE.

6.1 The applications of a diode are limited, triodes, tetrodes, etc., having a far greater
. range of usefulness.

If a third electrode
ANODE is placed between the
anode and cathode it
will offer a means of

controlling the flow
: of electrons between
V) cathode and anode.
¢ R In order to permit
the passage of elec-
: trons between the
two latter electrodes,
the third electrode
\ must be open in
T — structure and, there-
CATHODE fore, is of grid

sympor form. From its pur-
pose and structure
the third electrode
is called the Control
Grid. Fig. 10 shows
the relations between

! HEATER the grid, cathode and
anode >f a triode
{ralve, and also shows
FIG., 10. CONSTRUCTION OF TRIODE VALVE. /clearly
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clearly the construction of those electrodes.

6.2 When the potential difference between grid and cathode is zero, the value of the anode
current will be fixed by the anode voltage and cathode temperature. If a potential
difference is applied between grid and cathode so that the grid is positive with
respect to the cathode, then the anode current will increase. This is because the
grid attracts electrons in the same manner as does the anode but, due to the open
structure of the grid, the majority of these electrons pass through the meshes of
the grid and on to the anode.

Increasing this potentisl difference increases the anode current but, as the grid
is nearer the cathode than is the anode, small changes in grid voltage produce the
same changes in anode current as do large changes in anode voltage. When the
potential difference between grid and cathode makes the grid negative with respect
to the cathode, this negative potential will tend to repel electrons emitted by the
cathode and so reduce the anode current to a value below that fixed by the anode
voltage and cathode temperature alone. If the grid is made sufficiently negative
with respect to the cathode no anode current will flow, as the field due to the
grid plus the space charge effect will neutralise the field due to the anode in the

region cloge to the cathode.

7. CHARACTERISTIC CURVES.

7.1 Static Characteristic. If a fixed anode potential be applied to a triode valve, the
cathode temperature kept constant and the grid voltage varied, a set of anode cur-
rent readings corresvonding to various grid voltages would be obtained. If these

readings are plotted against the grid volt-

age to which they correspond, a curve called
the Static or Mutual characteristic curve is
obtained, This curve is obtained with no
load impedance in the anode circuit of the
valve. Fig. 11 shows three such curves,
one for an anode potential of 100 volts,
another for an anode potential of 120 volts,

and another for an anode potential of 80

volts. Considering the curve E, = 100 volts,

the cut-off point occurs at =22 grid volts,

ANODE CURRENT (ia)

P that is, no anode current flows at this grid
;" voltage. On reducing the grid volts to =12,
! the anode current, commencing to flow at
3‘[} about «20 grid volts, rises with increasing
§’,' steepness, Between =12 and +6 grid volts,
IE"I: the change in anode current is almo§t direct-
&:," | ly proportional to t}.le change in grid vglts,
x| and between these points the curve straight-
o l ens. Increasing the grid volts beyond +6
9; 0 causes the rate of increase of anode current
) ! to fall awsy with increasing rapidity until
/ I saturation is reached at +12 grid volts,
2 | after which no increase is possible.

—22 206 ~12 ~8 -~4 -0 +4 +8 +2
SEIPRVORISEE S Increasing the anode voltage will give curves
CHARACTERTSTIC CURVES. to the left of that described, as shown by

ANODE CURRENT VERSUS GRID VOLTS. the curve E; = 120 volts, that is, more anode
current will flow for a given grid voltage.

FIG. 1. Included in Fig. 11 is a grid current curve.
When the grid is positive with respect to the
cathode it asttrac*s electrons in the same manmer as does the anode, and a small
current measured in micro-amperes flows from grid to cathode, the value of the grid
current increasing with increasing positive grid potential.

/1.2
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7.2 Dynamic Characteristics., Static characteristics are obtained with no load impedance
in the anode circuit and give no indication, therefore, of the performance of the valve
under operating conditions, that is, when a load impedance is connected in the anode
circuit. Referring to the circuit in Fig. 12, the anode voltage under load will be
given by =

E, = Eg ~ IaRL

where Eg = anode voltage,
Ep = voltage of anode supply,
I, = anode current, and

Rp, = resistance of load in anode circuit.

IaR1, is the voltage drop produced by the anode current flowing through the resistance
of the anode load, and this voltage drop will vary as I, varies, thus causing Ep to
€ - vary. Suppose that the grid voltage is
a adjusted to a value E,. The anode current
R, la I, flowing through theé load resistance Ry
will cause the anode voltage to have a value
E,. This condition is shown in Fig. 12 on
the curve drawn for a constant anode poten-
////, tial E;, the anode current for Ey grid volts
being 0X. If the grid voltage is changed to
Eg1, that is, the grid is made less negative
with respect to the cathode, the anode current
L~ will increase and the voltage drop across Ry
Y will correspondingly increase, causing the
b S anode voltage to fall to Ez1. The value of
4 anode current will now be 0Y on a curve drawn
with a constant anode potential E 1. Similar-
ly, if the grid voltage is changed to Eg2,
that is, made more negative, the anode current
will decrease, the voltage drop across Ry will
decrease and the anode voltage will rise to
DERIVATION OF DYNAMIC CHARACTERISTIC. E_2. The value of anode current will now be
0Z on a curve drawn with a constant anode
FIG. 12, potential E 2.

Egz E.g ~Eg\

It will be seen that the slope of the characteristic curve of a valve with a load con=-
nected in the anode circuit is less than when no load impedance is present. Increasing
the resistance of the load will give a set of curves similar to those shown in Fig. 13.

ta

FIG. 12. DINAMIC CHARACTERISTICS OF TRIODE.
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These curves are known as Dynamic characteristics., It is of particular importance
to note that as the load resistance increases the straight part of the character-
istic curve increases, due to the straightening of the lower bend.

8. VALVE CONSTANTS.

8.1 It is useful to deduce certain information from the mutual characteristics of valves
in order to determine the suitability of a valve for a certain purpose, for example,
to determine whether a certain valve would be suitable for use as a voltage amplifie
er or as a power amplifier. This information is gained by expressing the relation-
ship between changes in grid voltage, anode voltage and anode current. These rela-
tionships are termed the Valve Constants, of which there are three -

(1) Amplification Factor, designated iL.
(ii) Anode Impedance, designated ry.
(iii) Mutual Conductance, designated g,

8.2 Amplification Factor. As the grid is nearer to the cathode than is the anode, a
small variation in grid voltage will cause the same variation in anode current as a
large variation in anode voltage. On the Mutual characteristic first studied (Fig.
11) with an anode potential of 120 volts, a change of grid voltage from -8 to ~12
causes 2 decrease in anode current of 1.5 mA. With the grid voltage constant at =8
the anode voltage would have to be reduced to 100 to cause this reduction in anode
current. Thus, a 20 volt change in anode voltage produces the same change in anode
current as a L volt change in grid voltage. The ratio of the change in anode volte
age to the change in grid voltage necessary to produce the same change in anode

current is termed Amplification Factor, and is.%? = 5 in this case.

dEa
Thus, w =dE'—

g

where dE, and dE_ are the changes in anode and grid voltages, respectively. The
amplification factor is constant only over the straight part of the characteristic
curve, decreasing steadily as the upper and lower bends are entered.

8.3 Anode Impedance. As most valves work into impedance loads and, further, as they are
equivalent in operation to alternating current generators, it is necessary for
matching purposes that the impedance between anode and cathode be calculated and not
the direct current resistance. As any impedance depends on the rate of change of
current and voltage, the impedance between anode and cathode will be given by =

dEa
ala
where dE, is a small change in anode voltage and dI, is the change in anode current

which it produces. In the case taken, the anode impedance will be 20 volts/1.5 mhA
or 13,33%=1/3 ohms.

dE
—2 is also the reciprocal of the slope of the anode characteristic shown in Fig. 8.
a

Thus, r, will be constant only over the straight part of the curve, increasing as
the upper and lower bends are entered.

8.4 Mutual Conductance. Mutual Conductance refers to the change in anode current caused
by unit changes in grid voltage, and is measured in mhos.

Thu.s, gm:mg

where dI, is the change in anode current produced by a change in grid volts of dEg.

In the case taken, g  will be 1.5 mh/L volts or 0.000375 mhos or 375 micromhos. As

with the amplification factor, g, decreases as the upper and lower bends are entered.
/8.5
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8.5 Relationship between Valve Constants. The three valve constants are related to one
another in the following mamnner -

dEq
U === oo.oocooooooaoccocv-co--000000.00..00.(1)
dEg
dEy
Yy = ..........o...........................(2)
2 =,
dr
gm'—'d—EE acvoo0000'0-00'noo.o-cooo0000010000000(3)
&,  aI,
Multiplying —= by — or 1 in equation (1) gives =
B,  dI,
dI
T
&, T,
pder M
a1,  dBg
butEQ—ra
aly
andilé:gm
dEg

e L= Tg By SaTslelelils - « <2l 3IVTaT016 o o e e18]stolels Lo Te i TONE s 1o SToTiceL((a)

T, =tk .......................................(5)

and. gm ="&' oocococcoccccccocoaocoaoco-aoccoooooco-(6)
Ta

8.6 Significance of the Valve Constants. The significance of the Amplification Factor and
Anode Impedance may be more readily appreciated if an actual case involving alternating
voltage is worked out. This is done in Fig. 1k, using the same valve as in Fig. 11.

PFig. 1L4a shows the valve with steady voltages of ~8 volts and 100 volts applied across
grid and cathode and anode and cathode, respectively. An alternating signal voltage
of L volts is superimposed on the steady voltage across the grid and cathode giving
rise to an alternating component of anode current of 1.5 mA. Referring to Fig. 10, the
anode voltage varying between 80 and 120 alsc causes the anode current to vary between
1.5 and 4.5 mA, This means that when an alternating voltage of L volts is applied
across grid and cathode it must produce an alternating voltage of 20 volts in the anode
circuit in order to account for the 1.5 mA alternating component of anode current.

Thus, the signal voltage is amplified by a factor -%9 = 5 by the valve. This factor,

5, is the amplification factor, | , derived previously.

An alternating voltage of 20 volts applied across a circuit and resulting in an alternate
ing current of 1.5 mA means that the circuit has an impedance of 20V = 13,333-1/3 ohms.

1.5 mA
/The
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The only impedance in the anode circuits of Figs. 14a and 14b is that of the valve,
so that 13,333=1/3 ohms is the impedance offered by the anode to cathode circuit
inside a valve and is the anode impedance, rp, derived previously. A valve, there-
fore, may be regarded as an alternating current generator developing a voltage of
1uEg and having an internal impedance of r,, Eg being the alternating signal voltage
applied to the grid as shown in Fig. the.

la

10 20V

=Ez=to0V

-7 EQSV

(b)

O 4 8 12 )

FIG. 14. ACTION OF VALVE WITH ALTERNATING VOLTAGE ON THE GRID.

9. SCREEN-GRID (OR TETRODE) VALVES.

9.1 Whilst the electronic action of a tricde is unidirectional, capacitances are present
which provide a path for energy to be fed back from the output circuit to the input.
Referring to Fig. 15, it will be seen that the gride-anode capacity Cgs couples the
input and output circuits together. At audio frequencies the coupling is not
noticeable as the reactance of Cgy is high, but at radio and carrier frequencies
the reactance becomes low enough for a transfer of energy between output and input
circuits via Cgs, which produces undesirable effects.

Cga

T

INPUT Cge Cge OUTPUT
— - "T=

OUTPUT
-

FIG. 15, TRIODE CAPACITIES AND EQUIVALENT NETWORK.
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9.2 To eliminate this coupling, an electrostatic screen in the form of a grid is introduced
between the control grid and anode. This extra electrode, termed the screen grid, is
connected to the cathode, the effect being to split the grid-anode capacity into two
series capacities with the input shortecircuited from the output by the comnection

between screen grid and cathode. This is shown in Fig. 16, which also contains an
exploded view of a tetrode.

Cysg Casg
OuTPUT | il
.
INPUT Cge Cae== OUTPUT

Tetrode Capacities and Equivalent Network.

ANODE

CONTROL
GRID

SYMBOL

CATHODE

HEATER

FIG. 16. SCREEN-GRID VALVE.




PAPER NO. 5. LONG LINE EQUIPMENT I.
PAGE 16.

9.3 By operating the screen grid at a positive potential a little lower than that of the
anode, the amplification factor can be made much higher than for an equivalent triode.
The curves of Fig. 17 show the anode and screen=-grid characteristic of a screen-grid
valve with a fixed screen-grid voltage, together with a typical circuit.
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ANODE AND SCREEN CHARACTERISTICS OF TETRODE.

FIG. 17.

A suitable condernser in the screen to cathode commection prevents the Screen Supply
from being shortecircuited, whilst still providing an effective alternating current
shortecircuit between screen and cathode., When the anode voltage is zero the anode
current is likewise zero, but the screen current is high due to the screen being
operated at a voltage a little lower than the working anode voltage. As the anode
voltage rises from zero, the anode current rises rapidly - mare rapidly than for a
triode. This is because the high screen voltage attracts the electrons from the
space charge and the increasing anode voltage causes an increasing number of the
electrons to pass through the screen and on to the anode. Thus, the screen current
decreases znd the anode current increases.

The effect of the anode and screen voltages is to accelerate the electrons (called
primary electrons) emitted by the cathode and passing to the anode, and to give them
such a high velocity that, on striking the anode, they dislodge other electrons (called
secondary electrons) by their impact. This latter effect is known as Secondary Emission.
At low anode voltages the effect is slight as the velocity of the electrons is com=
paratively low. Increasing the anode voltage will increase the velocity of the primary
electrons, and each primary electron may dislodge several secondary electrons. Some of
the latter come under the influence of the high positive potential on the screen grid
whose potential is, as yet, higher than that of the anode. Some secondary electrons,
therefore, are attracted to the screen, and the total current passing between anode and
cathode is due to the difference between the primary electron flow from cathode to anode
and the secondary electron flow from anode to screen. The result is to decrease the
anode current flow with increasing anode voltage. On the anode characteristics of Fig.
17 the anode current rises rapidly until the anode voltage reaches value X, beyond which
the effects of secondary emission become marked, causing the anode current to decrease
with an increase in anode voltage. Beyond an anode voltage of value Y the anode current
increases again, because the increasing anode voltage can retain all of the secondary
electrons eqitted by the impact of the primary electrons. Beyond an anode voltage of
velue Z the anode current increases only slightly with an increase in anode voltage.
This is because the anode voltage plus screen voltage is attracting all electrons from
the space charge at anode voltage 2, and an increase of anode voltage beyond value 2
merely draws a few electrons away from the screen. The screen current is the inverse
of the anode current, that is, as the anode current rises the screen current falls, and
as the anode current falls the screen current rises. y

10.



IONG LINE EQUIPMENT I. PAPER NO. 5.

PAGE 17.

10. CONSTANTS OF SCREEN-GRID VALVES.

10.1 The three constants of screenagrid valves differ from those of an equivalent triode
as follows -

Anode Impedance. Above anode voltage Z the anode current is practically independ-
ent of anode voltage, that is, large changes in anode voltage produce only small

changes in anode current. Thus, _d_I—a is large, much larger than for an equivalent

a
triode, that is, one with the same spacings between control grid and cathode and
control grid and anode. This only applies when the anode voltage does not fall
below value Z.

Mutual Conductance. Unit changes in grid voltage produce the same changes in
anode current for screen~grid valves and their equivalent triode. Thus, the mutual
conductance, g, for the two valves is the same.

Amplification Factor. As ry is higher for a screen-grid valve than for its equive-
alent triode, and as g, for the two valves is the same, then, as U = rpgy, the
amplification factor for a screen=grid valve is much higher than for its equiv-
alent triode. As this only applies provided the anode voltage does not fall below
value Z, this increase in amplification factor is secured by having to apply a
higher working anode voltage to a screen~grid valve than to its equivalent triode.

11. PENTODE VALVES.

11.1 If the anode current of a screene=grid valve could be made to continue to rise rapid-
ly with increasing anode voltage instead of developing the "kink" due to secondary
emission, the value of anode voltage beyond which the anode current becomes in-
dependent of anode voltage would be considerably lowered, so allowing a lower worke
ing anode voltage to be used. The pentode valve achieves this by suppressing the
effects of secondary emission. Another grid is inserted between the anode and
screen grid and is directly comnected to the cathode, either internally or external-
ly. As the cathode is negative with respect to the anode, the secondary electrons,
on leaving the anode, encounter the negative field of this suppressor grid, as it
is termed,; and this field repels them back to the anode. Another way of looking at
the function of the suppressor grid is to think of its effect on the velocity of the
primary electrons. As primary electrons pass through the screen grid they will be
decelerated by the negative voltage on the suppressor grid, so that they will not
strike the anode at such a high velocity. Very few, if any, secondary electrons
will be dislodged from the anode, those dislodged being repelled back to the ancde
ag described. Fig., 18 shows how the elimination of the effects of secondary
emission result in the continuous rapid rise of the anode current, resulting in a
lower working anode voltage being required. Fig. 18 also contains an exploded
view of a pentode valve.

/Fig. 18.
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11.2 Variable up Pentodes. Variable u velves (2lso termed remote cuteaff valves and
super control valves) are usually pentodes designed so as to cause the anode
current to curve away very slowly to a not very well defined cuteoff.

Fig., 19 compares the characteristic of an ordinary pentode with that of a vari-
able u pentode, The variable feature is obtained by using a control grid with a
non~amiform grid mesh, so that the amplification factor is different for various
operating points on the characteristic curve.

la
7l
VARIABLE
PENTODE
e /| — ORDINARY PENTODE
~30 -25 -10 - o t
e
COMPARTSON OF VARTAELE 1 AND ORDINARY PENTODE CHARACTERISTIC,

G, 19.
12, CONSTANTS OF PENTODE VALVES.

12.1 As in the screenwgrid valve, gp for a pentode valve is the same as for an equive~
alent triode, and rg is higher over that portion of the anode current curve where
the anode c:u.rrent is practically mdependent of anode voltage. The amplification
factor, therefore, must be high as in the screensgrid velve (U= ragm), but the
Iu.ghm:‘ u is secured with a much lower working asnode voltage than is the case with
the screenmgrid valve.

13. DYNAMIC CHARACTERISTICS OF SCREEN~GRID AND PENTODE VALVES.

13.1 When the dynamic characteristics of a triode valve were developed, it was pointed
out that the extent of the lower bend curvature decreases as the impedance of the
anode load increases, This applies to tricdes alone and not to screenegrid and
pentode velves. The anode current versus grid voltage chearacteristics of the
latter valves develop an inflection point and become more curved when operating
under load conditions, this behaviour being explained by deriving dynamic
characteristics as follows. Fig., 20 shows the anode and static characteristic

curves for a pentode, | R =0
a
| Ry =R
, | Puzk
| ! -
]a i I RL:" 2R
I ] e e 2
: I R, =3R
| |
| !
I
! ;
X ) 4 +
Ea

ILLUSTRATING DYNAMIC CHARACTERISTICS OF PENTODES.
FIG. 20.
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Assume, now, that a load impedance is comnected in the anode circuit, the grid is
biassed into the centre of the negative straight portion of the static character-
istic and that the anode voltage is adjusted to value Z from which value the
static characteristic was obtained. As the grid voltage is reduced towards zero
the anode current increases, producing an increased voltage drop across the anode
load and so decreasing the anode voltage. Until the anode voltage falls to value
X, however, the anode current is practically independent of anode voltage and is
dependent on grid voltage alone, so that the static and dynamic characteristics
coincide. Assume, now, that when the grid voltage has fallen to value a, the
current is such that the voltage drop it produces across the anode load reduces
the anode voltage to value X.

On the grid voltage being reduced further towards zero, the anode current will
tend to increase under the influence of the grid voltage change but will tend to
decrease under the influence of the anode voltage change. Thus, the rise in anode
current is now the difference between the rise due to the grid voltage change and
the fall due to the anode voltage change., As the rise is steady and the fall ine
creases with decreasing anode voltage, the dynamic characteristic curves away from
the static characteristic at point P. Increasing the load impedance causes the
inflection point to occur at lower grid voltages, as shown by the curves for

Ry, = R, 2R, etc,

13.2 As will be seen later, this effect of a load impedance on the characteristic curve
of a valve is important because it determines to a great extent the magnitude of
the load impedance which must be used to obtain the best operating conditions.

1. BEAM POWER VALVES.

4.1 A beam power valve is a tetrode in which use is made of directed electron beams to
contribute substantially to its power handling capacity. This type of valve conw
tains a cathode, a control grid, a screen and an anode. The electrodes are so

spaced that secondary emission from the

anode is suppressed by space charge
effects between screen and anode. The
space charge is produced by slowing up
electrons trawvelling from a high potential
screen to a lower potential anode. In

BEAM — FORMING
ANODE

7z

L
| pr.

CATHODE " this low velocity region the space charge
GRID 5 ;J&I produced is sufficient to repel secondary
SCREEN u'é/fﬁ,lr, electrons emitted from the anode. Beam

Ak power valves of this design employ beam

forming anodes at cathode potential to
assist in the production of the desired
beam effects and to prevent stray electrons
ANODE o the anode returning to the screen oute
side the beam. A feature of a beam power
valve is its low screen current., The

STRUCTURE OF BEAM POWER VALVE. screen and the grid are spiral wires wound
so that each turn of the screen is shaded
FIG, 21. from the cathode by a grid turn. This

alignment of screen and grid causes the
electrons to travel in sheets between the turns of the screen, so that few of them
flow to the screen., Because of the effective suppressor action provided by the
space charge and because of the low current drawn by the screen, the beam power
valve has the advantages of high power output, high power sensitivity and high
ef'ficiency.

The structure of a beam power valve is shown in Fig. 21. /15
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15. EFFECTS QF GAS.

15.1 As discussed earlier, when the cathode of a valve is heated electrons are emitted
which, in the absence of any anode voltage, form a space charge about the cathode.
The first electrons emitted can travel relatively large distances from the cathode
as there is only the decelerating force of the now positively charged cathode to
prevent them doing so. Electrons subsequently emitted are subject to two decel=
erating forces (that of the positively charged cathode and that of the negatively
charged electrons initially emitted) which prevent the electwrons from reaching any
distance from the cathode. When an anode voltage is applied, electrons which pass
to the anode to form the anode current must overcome these decelerating forces in
order to pass to that anode, which means that a large part of the anode voltage is
used to overcome the space charge effect. This accounts for the large voltage
drop between the anode and cathode of high vacuum valves. By introducing gas into
a diode at a suitable pressure, saturation current can be achieved with an internsal
drop in the valve of up %to 20 volts.

The reason for this behaviour is that electrons travelling from cathode to anode
may, upon striking a gas molecule, knock out one or more of its constituent
electrons. This removes one or more negative charges from the gas molecule, leav-
ing it positively charged or ionised. The process is known as ionisation by
collision. The velocity needed by an electron to ionise a gas in this manner is
usually expressed in terms of the potential difference through which the electron
must fall in order to acquire the necessary velocity. This is, of course, the
P.D. between anode and cathode, as the higher this P.D. the greater is the velocity
of the electrons and, therefore, the greater the impact of their collisions with
gas molecules. This P.D. is called the ionising potential of the gas, and those
of most gases range from 10 to 25 volts. The positive ions, which result from

the gas molecules losing electrons by collision, are repelled by the positive
voltage on the anode and attracted towards the negative space charge. These
positive ions, therefore, move towards the cathode where their presence neutralises
the space charge effect, so permitting the anode to draw the electrons from the
cathode as fast as they are emitted when the anode is only 15 to 20 volts positive
with respect to the cathode.

The result is an anode characteristic of the type shown in Fig. 22,

This principle is used in the Tungar rectifier,
CHARACTERISTIC which uses Argon gas, and the Mercury vapour
WITH GAS rectifier. The mercury vapour rectifier cone
tains a small amount of metallic mercury which
vaporises when its temperature is raised on
), the cathode being heated, so forming mercury
P vapour. The ionising potential of mercury
,/ CHARACTERISTIC vapour is about 10.5 volts, so that, when the
o WITH NO GAS P.D. between anode and cathode reaches this

L~ figure, the mercury vapour ionises. The
) positive ions then move towards the cathode,
15V Ea where they neutralise the space charge effect

and cause the electrons in the space charge to
ANODE CHARACTERISTIC OF GAS DIQDE. be drawvn to the anode as fast as they are
emitted. Thus, ssturation current is reached
FIG, 22, at the ionising potential of the mercury
vapour, that is, about 10.5 volts.

The mass of these positive ions produced by collision is very much greater than that
of an electron - about 1,840 times as great in the case of hydrogen - so that, under
normal conditions, ions will move very slowly. If they are produced in sufficient
nurbers and/or are subjected to a high P,D. between ancde and cathode, ions will
bombard the cathode in sufficient numbers and/or at a high enough velocity to

/eventually
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eventually disintegrate the cathode. The amoumt of ionisation produced is controlled
by the pressure of the mercury vapour which, in turn, is controlled by the temperature
together with the amount of metallic mercury aveilable for vaporisation., Whilst the
P.D. between anode and cathode controls the amount of ionisation produced, perhaps
its most important effect is on the velocity which these positive ions acquire. Too
high a voltage between anode and cathode will give these ions a velocity high enough
for even only a few of them to disintegrate the cathode by bombardment. This neces=
sitates the strict precaution of always applying the cathode heating power at least
30 seconds before the anode supply voltage. If the anode voltage is applied before,
or simultaneously with, the cathode heating power, then little mercury vapour will be
available for ioniseation whilst the velve is "warming up." This means that the valve
will function largely as a high vacuum valve during this period, with a consequent
high voltage drop across anode and cathode., This high voltage will give the few ions
produced from the little mercury vapour available during the "warming up" period a
velocity high enough to disintegrate the cathode by their bombardment.

Whilst these valves may be used in circuits rectifying thousands of wvolts, it should
be remembered that nearly all of this voltage is dropped across the load, the arrange-
ments being such that only the 10 to 15 volts required for ionising the gas are
dropped across the valve. This makes these valves very efficient rectifiers.

15.2 Gas Tricdes (%paMﬁ). When gas having a suitable pressure is introduced into a
triode (or any valve having a control grid) the control action exerted by the grid is
changed in a very remarkable way. If the operation of the valve starts with a nege
ative grid voltage considerably greater than cutmoff and then gradually reduces this,
it is found that at the point where the anode current just starts to flow if the
valve contains no gas, the anode current suddenly rises from zero to a very high value
and readily reaches the full emission of the cathode with anode voltages as low as 15
to 20 volts, After the flow of anode current has once been started, the control grid
has no further effect and can be made much more negative than cut~off without altering
the anode current appreciably. In arder to stop the anode current, the anode voltage
mist be reduced to a very low value. This behaviour is caused by the electrons moving
from the cathode to the anode, colliding with molecules of gas and producing positive
ions by dislodging electrons from the gas molecules. These positive ions are attracte
ed towards the negatively charged grid and towards the cathode, which is surrounded by
the negative space charge. Thus, the normal control action of the negative voltage on
the grid is neutralised and the space charge is likewise neutralised. Hence, once
ionisation has started there is no space charge to limit the current flow and the cone
trol action of the grid has been lost.

The result is a relay or trigger device which
Ia has important practicel uses, particularly in
control circuits., This device takes practical=
ly no energy at the negative grid to initiate
the action, and, at the same time, the result-
ant energy turned on can be large.

In cases where the ionisation and deionisation

mist be rapid, helium, argon or neon is em=

ployed because the positive ions of these gases

are more mobile than those of mercury, which

y is used where the rapidity of jonisation and
deionisation is not so important.

Eg
Fig., 23 shows a typicel characteristic for a
CHARACTERISTIC OF THYRATRON. gas triode, the behaviour of which, under the
cantrol of grid voltage, is similar to the
characteristic of the gas diode shown in Fige.

FIG, 23. 2z, /6.
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16. VALVE FAULTS AND TESTING.

16.1 Typicel valve faults are detailed hereunder -

(ig Low Cathode Activity, due to aging and deterioration of the cathode.
(i1) Low Insulation Resistance - a deterioration in the normal I.R. between

electrodes with consequent change in performance characteristics,
(iiig Low Gain « a decrease in the original amplification factor.

(iv) Bright Spots. Some cathodes, due to manufacturing irregularities,
exhibit excessive brightness over short portions of their length,
which is indicative of excessive local heating., Failure of the
cathode usually occurs at a bright spot.

(v) Poor Vacuum - sometimes caused by rough handling but usually due to
faulty sealing or temperature stresses in the glass envelope.
Indicated by failure of cathode to glow when carrying normal current
and excessive heating of glass envelope.

(vi) Displaced Electrodes - Broken Supports. These may be caused by rough
handling or temperature stresses and may cause distortion, low gain
or noise.

16.2 Testing. The condition of valves governs the performance of the equipment in

which they are employed. In order to determine that a valve is performing its
functions correctly, certain tests are necessary. As the operating capabilities
and design features of a valve are indicated by the valve's electrical charactere
istics, a valve is tested by measuring its characteristics and comparing them
with representative values listed as standard for the type of valve concerned.
It is usual to select one characteristic only to serve as an indication of the
performance of a valve, and it is essential, therefore, that the characteristic
selected be truly representative of the condition of a valve. The tests which
fall within this category are =

(i) Emission Test, and
(ii) Mutual Conductance Test.

16.3 Emission Test. An emission test or cathode activity test is possibly the simplest
method of indicating the condition of a valve. Since electron emission decreases
as the valve wears out, low emission is indicative of the end of the useful life
of a valve. An emission test is subject to the limitation that it tests a valve
under static conditions and does not take into account the actual operation of the
valve. A typical emission or cathode activity test circuit is shown in Fig. 2h.

T QA D.C. METER
o @
S W
k-4t
CATHODE ACTIVITY TEST CIRCUIT.
FIG., 24,

A1l the electrodes of the valve, except the cathode, are connected to the anode.

The filament or heater is operated at rated voltage. After the valve has reached

constant temperature, a low positive voltage is applied to the anode and the
/electronic
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electronic emission is read on the meter. Readings which are well below the average
for a particular vaive type indicate that the total number of available electrons has
been so reduced that the valve is no longer capable of functioning correctly.

16.4 Mutual Conductance Test., A mutual conductance test takes into account a fundamental
operating principle of a valve. It follows that a mutual conductance test, when
correctly performed, gives a more accurate indication of the performance of a valve
than an emission test. A dynamic mutual conductance test circuit is shown in Fig.

25.

A.C.INPUT DYNAMOMETER
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MUTUAL CONDUCTANCE TEST CIRCUIT.

FIG. 25.

The dynamic mutual conductance test is superior to a static mutual conductance test in
that alternating current voltage is applied to the grid,and the valve, therefore, is
tested under conditions which approximate actual operating conditions.

The alternating component of the anode current is read by means of an alternating
current ammeter of the dynamometer type. The mutual conductance of the valve under
test is equal to the A.C. anode current divided by the input signal voltage. If a one
volt R.M.S. signal is applied to the grid, the anode current meter reading in milli-
amperes multiplied by 1,000 is the value of mutual conductance in micromhos.

16.5 Short-Circuit or Electrode Contact Test. The fundamental circuit of a shortecircuit
test is shown in Fig. 26. Whilst this circuit is suitable for tetrodes and triodes,
valves having more than four electrodes can be tested by adding additional indicator
lamps.

Voltages are applied between the various electrodes with lamps in series with the
electrode leads. Any two shorted electrodes complete a circuit and light one or more
lamps. Since two electrodes may be in high resistance contact, it is necessary that
the indicating lamps operate on very low current. It is also necessary to maintain the
filament or heater of the valve at correct operating temperature during the short-
circuit test because short-circuits or contacts may only occur when the electrodes are
heated.

/A
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A valve tester cannot be regarded as the final arbiter of valve performance. An
actual operating test in the equipment in which the wvalve is used will possibly
give the best indication of the worth of a valve. On the other hand, a valve

tester is a valuable guide to the serviceability of a wvalve and frequently results

in the replacement of valves before they rcach failure point and cause severe
interruptions.

SHORT-CIRCUIT TEST.

FIG. 26.

17. VALVES -~ TYPES IN USE.

17.1 A wide range of valves is in use in Long Line Equipment. The present day tendency
is to restrict the number of types as much as possible although, in many cases,
valves having particular characteristics are required for specialised circuit
applications. A large percentage of the applications required can be met by the
use of two types ~ a high gain voltage amplifier and a power amplifier.

17.2 The valves in general use in all earlier long line equipment plant are the types
101, 102, 104 and V.T. 25. The first three are of the well-known dull emitter

type. These valves have spherical glass bulbs containing vertical electrodes and
an anode and grid on each side of the cathode.

Valves 101, 102 and 10L are usually referred to as "1 ampere" valves by virtue of
their normal cathode current.

/Valve
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V ALV E 1 0 1 is a general purpose type, which serves as an amplifier or a detector,
and is capeble of handling medium currents.

LONG LINE EQUIPMENT I.

This valve is used in telephone repeaters

and carrier systems as an amplifier, and in telegraph carrier systems and measuring
er and detector. Valve 101 has a large cathode (of M

apparatus as oscillator, amplifi

shape) surrounded by a wide meshed grid, fairly close to which are two parallel plates of

equal size to the grid forming the anode.
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GRID VOLTS (4) Vg

Cathode Voltage 4.4 volts
Cathode Current 0,97 ampere
Working Anode Voltage 130 volts
Working Anode Current 8 mA
Max. Anode Voltage 160 volts
Working Grid Voltage ~9 volts
Amplification Factor 5.9
Output as Oscillator 1 watt
Output Power 0,059 watt

Anode Impedance 6,000 ohms
Gain 29,5 db

Expected Life 20,000 hours.
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V ALV E 1 02 is a voltage amplifier having a very large amplification factor.
This valve, which can only handle small powers, invariably precedes a valve having
larger output, such as Valve 101. Where a large power is not required Valve 102 can be
used as a detector; for example, as in transmission measuring equipment. It is em~
ployed as a voltage amplifiier in telegraph carrier systems. Valve 102 has a large,
finely~meshed grid mounted close to a small cathode. Parallel plates forming the anode

are provided but these are of much smaller dimensions than the grid, from which they are
well separated.
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Element Assembly
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Cathode Current 0.97 ampere
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Working Anode Current O.75 mA
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\\ Amplification Factor 30

\
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v A Lv E 1 04 is a power valve used where high out'its into low impedance loads are
required. Whilst generally similar in construction to Valve 101, the anodes of Valve
104 are closer to the cathode to give a low impedance. The amplification factor of
Valve 104 is 2.4 compared with 6 of Valve 101 which usually precedes it in an amplifier
circuit. Valve 10L is used mainly as an output valve in carrier amplifiers, as well as
in measuring equipment.
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Element Assembly
(With Front Anode and Grid Removed)

8

Cathode Voltage L.4 volts
Cathode Current 0.97 ampere
Working Anode Voltage 130 volts
Working Anode Current 20 mA

50 Max. Anode Voltage 160 volts
© Working Grid Voltage =20 volts
s Amplification Factor 2.4
g 40 Anode Impedance at 20 mA 2,000 ohms
= Output as Oscillator 2 watts
= s Output Power 0.17 watt
Q

» Gain 26 db
Expected Life 5,000 hours.
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VALVE V.T. 25

conforms to a British Post Office specification and is
standardised for use in G.E.C. type telephone repeaters and other English equipment.
This valve is similar in performence to the S.T.C. Valve 101. The construction, however,
is different. Instead of a spherical glass bulb it has a bulb resembling in shape an
ordinary electric lamp. The cathode, like that of Valve 102, is V-shaped. Bent around
the cathode, and in the same plane as it, is a wire loop support (resembling a hair-pin)
and on this loop is wound a fine spiral of wire, the whole assembly forming a grid en=-
casing the cathode., OQOutside this again is mounted a metal tube of elliptical section
which forms the anode. Thus, the cathode is completely surrounded by grid and anode.
Thoriated tungsten is used in the cathode, which has a fairly bright glow at normai
current, as compared with that of any of the S.T.C. series which are dull emitters.

CATHODE
)
GRID
3 NODE
&3
A
\ / GLASS

MOUNTING BASE

Element Assembly
(With Portion of Anode Broken Away to Show Grid and Cathode)

35
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IaTIg ':? A
25 RI& by
Vg o/ Cathode Voltage k.5 volts
Cathode Current 0.8 ampere
Q20 Working Anode Voltage 150 volts
2 /’ Working Anode Current 11 mA
5 ol Working Grid Voltage -8 volts
g5 1200 Amplification Factor 5.6
Ry 0 Qutput Power 0.06 watt
of 10005 Anode Impedance 6,000 ohms
10 f {800 3§ Approx. Gain 29 db
S 6005 Expected Life 10,000 hours.
/ : b
5 / x 400
/ 200
=

~-40 ~30 -20 -10 O +5 +10 +18
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17.3 On later S.T.C. equipment, a new series was introduced which consumed only 1/4 ampere
cathode current.

The 1/l ampere valves are designated L4019, 4020, 4021 and 4022, respectively. The
first three have similar characteristics to Valves 101, 102 and 104, respectively.
Velve L022 resembles Valve 101 but has a greater amplification. The following pages
illustrate this series, and the particulars given thereon should be studied. It will
be seen that the construction differs considerably from that of the earlier types.
These valves more closely resemble Valve V.T. 25 in envelope shape and arrangement of
electrodes. The latter, however, are set at an angle of approximately 45  to the axis.

The constants and typical working conditions of these four valves are as follows =

CONSTANTS.
Valve | Catnode gzﬁiggi Amplification |  Mutual Capacities Grid
¢ | Current Voltage Factor Conductance [ Grid Anode Cathode
g Anode | Cathode
Ampere Volts mA/V HUF upF UUF
4019 | 0.25 L a7 *1,17 Sl 4.8 7.3
4020 0.25 2 *20 *0.6 6.3 Lo 6.2
4021 | 0.25 L g6 43 9.1 L.6 8.0
4022 0.25 L *14 *1,83 9.6 k.3 8.1
*At anode current of 0.8 mA.
#At anode current of 23 mA.
TYPICAL WORKING CONDITIONS.
Harmonic Content
Anode | Grid Anode Anode db below
Val¥e | voitage| Bing || Curzent | Resistance| 'D°3d || Output Fundamental
Volts Volts mA Ohms Ohms mW db
LO19 130 -8 8.1 5,100 5,100 79 25
10,200 63 31
15,300 50 34
Peak
Volts
4020 130 1.5 0.92 46,000 46,000 21.bh 30
92,000 25.1 35.3
138,000 26,2 37
b
4021 130 -8 22.5 2,050 2,050 140 27
1,100 100 31.5
6,150 87 35
o
4022 130 4.5 6.6 5,000 5,000 120 20
10,000 79 28
15,000 76 33
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forms similar functions to Valve 101.

PAPER NO. 5.
PAGE 31.

Wide Grid Mesh (18 turns), M shaped cathode close to grid, per-

Use. Restricted at present to programme carrier systems, for example, in modulators

and demodulators.
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VALV E 4020 *  Pine grid mesh (32 turns), V shaped cathode close to grid,
plates spaced further apart, similar functions to Valve 102.

Use. Restricted at present to programme carrier systems as oscillators or amplifiers.
Also in 1,000 cycle V.F. ringers.
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v A Lv E 402 1 * Medium grid mesh (24 turns), M shaped cathode, plates forming
anode close together. Intended as a replacement for Valve 104. Application limited.

P S
w > 40
%40 >a,/- Q/ '9/_‘90.
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G 10
Z / // /
r /.
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GRID VOLTAGE (VOLTS)

VALVE 4021 CURVES.

Element Assembly is similar to Valve 4019.
See Valve Sections Page 31.

V ALV E 402 2 * Fine grid mesh (30 turns), M shaped cathode close to grid, plates
forming anode close to grid. Similar functions to Valve 4019.

Use. Restricted at present to programme carrier systems where higher gain than offered
by Valve 4019 is required, for example, pilot amplifier.
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Element Assembly is similar to Valve 4019.
See Valve Sections Page 31.
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174 V ALV E 4046A : A type of pentode used in departmental equipment is the
Valve LOLGA, which is an indirectly heated valve. The constents and typical working
conditions of the valve are -

CONSTANTS.

Heater Voltage 4 volts,

Nominal Heater Current 0.95 ampere,
* Amplification Factor 2,400
* Anocde Impedance 800,000 ohms,

Grid-Anode Capacity 0.007 puF.

Input Capacity 10.7 yuF.

Output Capacity 8 guF.

Maximum Safe Direct Anode Voltage 250 volts.

Maximum Safe Direct Screen Voltage 100 volts.

* At V5 = 200, Vgg = 100, Vg1 = -1.5.
TYPICAL WORKING CONDITIONS.
(1) {2) (3)
Anode Voltege 250 200 150 volts.,
Grid Bias -1.5 -1.5 -1,5 volts.
Screen-Grid Voltage 100 100 100 volts.
Anode Current 3.9 3.8 3.7 mA,
Anode Impedance 500,000 500,000 500,000 ohms,
Load 50,000 46,000 30,000 ohms.,
Output 0.315 0.258 0.175 watt,
2nd Harmonic
(percentage) 8.6 8.75 11.5 per cent.

2nd Harmonic (db) 21.3 20.7 19 av.
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The characteristic curves of Valve LOLA6A are shown below.
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17.5 Pentode valves of the type 3284 (or 310A) and 329A (or 311A) were later employed in
long line equipment. These valves (the former a high gain voltage amplifier and the
latter a power amplifier) were specifically designed for carrier systems, and have an
exceedingly long life under normal operating conditions.  The characteristics of

each valve are listed hereunder =
VALVE 328A.

Classification ~ Voltage=amplifier, suppressor=pgrid pentode with indirectly heated
cathode. This valve is intended for use in audio, carrier and radio=frequency
voltage amplifiers, oscillators and modulators.,

Mounting Position ~ The valve may be mounted in any position.

Average Direct Intere-electrode Capacitances -

Control grid to anode ses s sk o5 s ofe 0.007 WUF
Suppressor grid to anode cve voe oo oo oo 12,5 WF
Anode to heater, cathode and screen grid ... arele vee 342 LT
Control grid to suppressor grid ose viofe vee oo 1.3 LUF
Control grid to heater, cathode and screen grid ... oe's 6.5 puF
Suppressor grid to heater, cathode and screen grid (with
close=fitting metal shield connected to cathode)... ves 14.5 uurF
Heater Rating -
Heater Voltage ces oo 5 cos e 7.5 volts,
A.C. or D.C.
Nominal Heater Current .ot ‘os soe oo voo 0.425 ampere
Limiting Conditions for Safe Qperation -
Maximum anode voltage ers oo vse oo /s Ploic 250 volts
Maximm screenw-grid voltage ... coe 00 oye'e voe 180 volts
Meximum space current (screenwgrid current plus anode
current) 558 Bo0 L 8o Sha 10 milliamperes
Maximum screen=grid current ... oldio 500 odo Jdoo 2,5 milliamps,

Operating Conditions and Output =

Sereen | Control|{Suppressor
Anode | Grid Grid Grid Anode Load Input {Output |Output{ 2nd 3rd
Voltage{Voltage | Bias Voltage |Current{Resistance|Voltage]Voltage|Power [Harmonic |Harmonic

Volts | Volts | Volts | Volts A Ohms Peak | Peak | mW db db
Volts | Volts
135 135 =3 0 5ok 20,000 3.00 250 22 30
60,000 1.60 130 26 28
60,000 0.95 60 35 L5
60,000 1.15 100 - 33 39
100,000 0.57 75 - 35 50
100,000 0.0 50 - L0 55
180 135 -3 0 Sels 40,000 2,70 - 240 26 28
100,000 1.50 { 175 - 2 30
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Classification « Low power, suppressoregrid pentode with indirectly heated cathode. This

valve is intended primarily for use as an audio, carrier or radio=frequency power
amplifier where power outputs of approximately 2 watts are required and where the anode

voltage is not in excess of 250.

Mounting Position ~ The valve may be mounted in any position.

Average Direct Inter~Electrode Capacitances -

Control Grid to anode

oo vee veeo 0.07 uur
Control Grid to heater, cathode and screen grid B0 o 9 UuLF
Anode to heater, cathode and screen grid ‘es eoe 12 pur
Heater Rating -
Heater Voltage oYere 500 500 Yere 000 7e5 volts, A.C. or
Di0s
Nominal Heater Current 000 e S oD ot oTore 0.85 ampere
Limiting Conditions for Safe Operation =
Maximum direct anode voltage ere 000 ove oo 250 volts
Maximum direct screenagrid voltage 0o vee eee 180 volts
Maxdmum space current ol Sok 830 oo Soo 60 milliamperes
Maximum direct screen=grid current oo cee vee 12 milliamperes
Operating Conditions and Qutput =
Anode { Amplification| Anode Transe Anode Load Input | Output{ 2nd 3rd
Voltage Factor Impedance| conductance} current] Resistance} Voltagq Power {Harmonic |Harmonic
Volts Ohms | Micro=ohms mh Ohms Peak | Watts db db
Volts
135 122 43,000 2,800 30 3,000 15 1159 23 24
34,500 15 2,0 27 24
4,000 15 2.0 29 19
6,000 5 1.9 20 18
180 146 50,000 2,900 31 3,000 15 2.5 18 30
4,000 15 2.8 21 2l
7,000 5] 2.5 23 18

17.6 In more recent years, the tendency has been to employ velves designed primarily for radio

purposes.

amplifier are the 63J7 and 6V6, respectively.

The two valves chosen for general use as a voltage amplifier and power

The reasons for employing this class of valve are as follows =

(i) The variation in the electrical characteristics of these types is sufficiently
small to permit the use of these valves in carrier eguipment.

(i1

(iii) Readily obtainable (Austrslian manufacture).

(iv) Lower cost.

Lower heater current than the standard types of pentode previously employed.

77
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17.7 VALVE 6V6 (metal) or 6V6G (glass) is a power amplifier valve of the beam %ype,
in which use is made of directed electron beams to contribute substantially to its

power handling capability.

Valve 6V6 may be used as an audio, carrier or radio frequency power amplifier, and has

characteristics as listed hereunder -

TYPE 6VG |
v Ef= 63 VOLTS
W oL SCREEN VOLTS=130
& 60 e
= TS Vgi =
<z£ conTrRoL— GRID VoL
_3 50 S s
= X
Sy _2s
..?"e ’ //—-"F—i
=
w
e i
3|/
wn
g 20 /
:‘} \ -{Q
ud A
a 10 7
% /( ~ee | T
o ——t——— 20
50 {0Q {50 200
ANODE VOLTS

6V6 ANODE CHARACTERISTICS.

(The Octel Socket which
accommodates the 6V6 Valve
may be mounted to hold the
Valve in any position.)

6V6_CONNECTIONS.

CHARACTERTSTICS OF 6V6 VALVE AS A SINGLE-VALVE CLASS A AMPLIFIER.

Heater Voltage (4.C. ar D.C.)
Heater Current

Anode Voltage

Screen Voltage

Anode Dissipation

Screen Dissipation

Typical Operation:

Anode Voltage 180
Screen Voltage 180
Grid Voltage 8.5
Peak A.F. Grid Voltage 8.5
Zero-Signal Anode Current 29
Max.~Signal Anode Current 20
Zero=Signal Screen Current 3
Max,«Signal Screen Current L
Anode Impedance 58,000
Transconductance 3,700
Load Resistance 5,500
Total Harmonic Distortion 8
Max.=Signal Power Quiput 2

250

«12.5
12.5

L7
L.5

3
52,000
1,100
5,000
8

b5

6.3 volts

0.45 ampere
315 max. volts
250 max. volts
12 max., watts

2 max. watts

315 volts
225 volts
«13 volts
13 volts
34 milliamperes
35 milliamperes
2.2 milliamperes
6 milliamperes
771,000 ohms
3,750 micrecmhos
8,500 ohms
12 per cent.
5¢5 watts

/17.8
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17.8v ALV E 6 S J 7 is a voltage amplifier pentode of the metal type featuring single
ended construction with interlead shielding. This shielding reduces the capacitance
between leads in the glass of the stem and also between those pins that are diametrice-
ally opposite. In comparison with the grid cap type previously available, this valve
offers the circuit advantages of more stable amplifier operation, greater uniformity of
gain in amplifiers and higher gain.

The 6SJ7 Valve may be used in audio, carrier and radio frequency voltage amplifiers,
oscillators and modulators, and has characteristics as listed hereunder =

T
TYPE ©5J7 [
w | Ef= &3voLTS
w! 12 - SCREEN VOLTS =100
& SUPPRESSOR VOLTS =0
[
=
<10 =
4 CONTROL—~ GRID VOLTS Vg1®
=
8
- -1
jord
e
i (The Octal Socket which
5 B -2 accammodates the 6SJ7
i 4 Valve may be mounted to
g 7 -3 hold the Valve in any
~ ;-‘:__ —= - position. )
- 2 -4
S <5
2
(o] 80 160 240 320
ANODE VOLTS
68J7 ANODE CHARACTERISTICS. 6SJ7 CONNECTIONS.
CHARACTERISTICS OF 6SJ7 VALVE,
Heater Voltage (A.C. or D.C.) 6.3 volts
Heater Current 0.5 ampere
Pentode Conmection (shell commected to cathode):
Grid-Anode Capacitance 0,005 max. ppF
Input Cepacitance 6 max. puF
Output Capacitance 7 max. puF

Triode Connection (shell connected to cathode, screen and
suppressor connected to anode):

GridsAnode Capacitance 2,8 max. ypF

GridsCathode Capacitance 3,4 max. UUF

Anode-Cathode Capacitance 11 max. puf

6SJ7 VALVE AS CLASS A AMPLIFIER - PENTODE CONNECTION.

Anode Voltage 300 max., volts
Bereen Voltage (Grid No. 2) 125 max. volts
Screen Supply Voltege 300 max. volts
Grid Voltage {Grid No. 1) 0 min, volt
Anode Dissipation 2.5 max. watts
Screen Dissipation 0.3 max. watt
Typical Operation:

Anode Voltage 100 250 volts

Screen Voltage 100 100 volts

Grid Voltage -3 =3 volts

Suppressor Connected to cathode at socket.

Anode Current 2.9 3 milliamperes

Sereen Current 0.9 0.8 milliampere

Anode Impedance 0.7 More than 1 megohm

Transconductance 1,575 1,650 micromhos

Grid Voltage (for cathodee~current
cuteoff') 9 «9 volts
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65J7 VALVE AS CLASS A AMPLIFIER - TRIODE CONNECTION
(SCREEN AND SUPPRESSOR TIED TO ANOLE).

Anode Voltage
Grid Voltage
Anode Dissipation
Typical Operation:

250 max. volts
0 min. volt
2.5 max, watts

Anode Voltage 180 250 volts

Grid Voltage =5 ~8.5 volts

Anode Current 6 9.2 milliamperes
Anode Resistance 8,250 7,600 ohms
Amplification Factor 19 19
Transconductance 2,300 2,500 micromhos

18. TEST QUESTIONS.

1. Explain how the grid of a triode valve controls the anode current. Illustrate
answer with diagrams.

2, Explain why the static and dynamic characteristics of a triode differ and in what

way they differ.

3. What is the object of the screen grid in a tetrode valve? How is this grid used
to produce a hign amplification factor?

L, What is the purpose of the suppressor grid in a pentode valve?

5. Explain why it is necessary to apply the anode voltage of a mercury vepour valve
some time after the cathode voltage has been applied.

END OF PAPER.
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1. INTRODUCTION.

COMMONWEALTH OF AUSTRALIA.

Engineering Branch,
Postmaster-General's Department,
Treasury Gardens,
Melbourne, C.2.

COURSE QF TECHNICAL INSTRUCTION.
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INTRODUCTION.

PHASE SHIFT THROUGH VALVES.

VOLTAGE AND POWER AMPLIFIERS.
DISTORTION IN AMPLIFIERS.

EFFECT OF POSITIVE CONTROL GRID.
DISTORTIONLESS OR CLASS A AMPLIFICATION.
CLASSIFICATION OF AMPLIFIERS.

GRID BIAS FOR CLASS A AMPLIFIERS.

GRID BIAS FOR CLASS C AMPLIFIERS.
VOLTAGE AMPLIFIERS - METHODS OF GOUPLING.
GRID AND ANCDE RETURN LEADS.

CLASS A POWER AMPLIFIERS.

NEGATIVE OR INVERSE FEEDBACK.

TEST QUESTIONS.

1.1 In the sections of Paper No. 5 dealing with valve constants and their significance,
it was shown that when an alternating voltage of amplitude Eg is applied across
the grid and cathode of a valve an alternating voltage of amplitude LEg is
developed in the anode circuit. This higher voltage is produced by the amplifying
action of the valve. It was also shown that a valve may be regarded as a generate
or having an internal impedance of r, and developing a voltage of MEg. This
equivalent circuit will be used in discussing the action of amplifiers throughout

this Paper.
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2, PHASE SHIFT THROUGH VALVES.

2,1 The alternating voltage developed in the anode circuit of a valve is 180° out of
phase with the alternatmg signal voltage applied across grid and cathode, that is,
a phase shif't of 180° takes place between the grid and anode circuits of a valve.
This can be readily seen from the dynamic characteristics of valves previously
dealt with. As the alternating signal voltage on the grid of a valve drives the
grid from some negative voltage towards zero the anode current increases, thus
increasing the voltage drop across the load impedance in the anode circuit and so
lowering the anode voltage. This is shown in Fig. 1, from wh:.ch it will be seen
that the altermating voltage acting in the anode c:.rcu;t is 180° out of phase with
the signal voltage at the grid.

la, 2\
7\
1 1
]
Eq § 1
N Z v !
la AL .I
t Eo=Ep-laRe
Es “g’
5 Y1
o jo 9 |
Ec Ep o e
]
g 'e
2 N

FIG, 1. JILLUSTRATION OF PHASE SHIFT THROUGH VALVES.

3., VOLTAGE AND POWER AMPLIFIERS.

3.1 Telephone receivers, loud=speakers, etc., are power operated devices in that the
larger the amount of power supplied to them the louder will be the sound produced
by them. It is not necessary to supply power to these devices at a fixed voltage,
and, under this condition, a large amount of power will be transferred from a
supply source to its load when the following conditions are fulfilled -

(ig The supply source should develop a high terminal voltage.

(ii) The supply source should have little impedance, so that little power
is absorbed by this impedance.

(iii) The impedance of the load should equal that of the supply source

far meximum power transfer.

3.2 When a valve is used as a supply source, it will be found that one valve cannot
fulfil all of these conditions. Thus, for the alternating voltage developed in
the anode circuit, HE,, to be high, the amplification factor,j , must be high.

As U = ragp, a h:.gh LL of necessity means a high r,, which conflicts with the
seoond condition that the supply source should have a low impedance. Also, all
generators develop their mexcdimum voltage on open circuit, that is, when there is
very little or no current output to produce a voltage drop across the internal
impedance of the generator, which drop, of course, lowers the terminal voltage.
Thus, a high output voltage would be obtained when the load impedance is high,
which conflicts with the third condition, that is, that the load and supply imped=-
ances should be matched. It will be apparent from these considerations that one
valve cannot be used to amplify a signal voltage by a large amount and, at the same

/time
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time, supply a large amount of power to a load. For this reason, an amplifier
generally consists of a number of valves, or "stages" as the individual valves are
called. These stages are connected in cascade, the first stages being voltage
amplification stages and the last stage, which supplies power to the load, being
a power amplifier., The voltage stages use valves with a high i, and, therefore,
a high r,, which work into load impedances which are generally fairly high.

3.3 By using a mumber of such stages in cascade, almost any degree of voltage amplifica~
tion can be obtained. The amplified voltage is then applied to the power stage,
which consists of one or a number of valves with a low r,, the output of which
stage is matched with that of the load, usually by means of a transformer. Little
voltage amplification is produced by this stage, as a valve with a low r, will have
a low y. This is not important, however, as the preceding voltage stages have
amplified the voltage to the value required. Fig. 2 indicates the layout of the

aHIplj_fier .
LOAD ON VOLTAGE
STAGES MATCHING
TRANSFORMER
Y | LOAD ON
Es < POWER
< STAGE
VOLTAGE STAGES POWER STAGE
WITH HIGH u VALVES LOW A1 VALVES

FIG., 2. MULTI-STAGE AMPLIFIER.

4. DISTORTION IN AMPLIFIERS.

L.1 An ideal amplifier produces an output which exactly duplicates the input in all
respects except amplitude, in which respect the output is greater than the input.
An actual amplifier can fall short of the ideal in three ways =

(i) By failing to amplify the different frequency components in the
imput voltage equally well.

(ii) By producing an output which does not bear the same proportion
to the input over the whole of the signal.

(iii) By making the phase relations between the different frequencies
in the output differ from those existing at the input.

These effects are referred to as Frequency, Harmonic or Nonelinear, and Phase
distortion, respectively. The effect is to change the shape of, or distort, the
signal in its passage through the amplifier.

4.2 Frequency distortion is particularly important in amplifiers, and is more difficult
to eliminate the wider the band of frequencies to be amplified. Freqiency dis-
tortion is caused by the frequency characteristics of the input and ousput circuits
associated with the valves. For example, if the anode circuit impedance is largely
inductive, the value of this impedance at lower frequencies will be lower than at

/righ
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high frequencies. Thus, in Fig. 3, an input signal contains a fundamental and a
harmonic. Due to the nature of the anode impedance, the harmonic is practically elime
inated in the output of the amplifier and the signal is changed in shape or distorted
in its passage through the amplifier.

Ta

7

FIG. 3. EXAMPLE OF FREQUENCY DISTORTION.

4.3 Harmonic distortion is due to the production of new frequencies in the output which were
not present at the input. The anode current wavewshape will be different from that of
the signal voltage if the grid swings include the nonelinear portioms of the character-
istic curve, because over those portions the change in anode current has a variable
propartionality to the change in grid voltage, that is, the mutual conductance, g,, is
not constant.

Fig. L shows a typical case. A sinusoidal signal voltage, Eg, superimposed on a steady
D.C. voltage, Ec, is applied across the grid and cathode of a valve.

i }
} ]
INPUT SIGNAL = —€ —|

G, L. 't DISTORTION PRODUCED BY VALVES.
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This steady D.C. voltage, E;, fixes the point of application of the signal voltage some-
where in the negative portion of the valve characteristic, The amplitude of the signal
voltage is such that it drives the grid to zero during one half-cycle and into the lower
bend during the other half-cycle. Under this condition, the two half=cycles of alternate
ing current in the output will be of unequal amplitude, that is, the half-cycle above
the zero or normal anode current value of Fig. L will be greater than the half-cycle
below it. An analysis of such a wave=shape shows that it consists of a fundamentel
frequency of the signal frequency, together with harmonics which, when added to the
fundamental, give the distorted wave~shape produced by the nonelinearity of the
characteristic curve. In Fig. 4, only the second harmonic is shown in the analysis -
others are produced but their amplitude decreases with their order, that is, the third
harmonic is of smaller amplitude than the second, and so on. In the analysis con=
tained in Fig. L, the second harmonic is in phase with the fundamental over the 180

of the second ha:rmogic designated ab, so increasing the a:cr’xplitude of the resultant,
whilst over the 180  marked cd the second harmonic is 180  out of phase with the
fundamental, so decreasing the amplitude of the resultant.

L., Phase distortion is, as mentioned, the change in the relative phase relations of the
different frequency components in the signal voltage. This shif't in phase of the
different frequencies may occur without necessarily changing their amplitude relations,
resulting in an output wave which is no longer identical in shape with that of the

input signal.

This type of distortion is also caused by the characteristics of the input and output
circuits and is accompanied by frequency distortion. Fig. 5 shows a case in which a
valve, having an amplification factor u and an anode impedance r,, has for an anode
load a pure inductance of L henrys.

FUNDAMEMTAL
MEs
rf" HARMONIC

XIG. 8. F _PHASE DISTORTION.
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The signal voltage and, therefore, the alternating voltage acting across the anode
circuit is assumed to be composed of a fundamental and a third harmonic.  The fundaw-
mental component of the anode current will lag its applied voltage by an angle 6,

so that -

tan © =(1)_L =——-27TfL

Ty Ta

The third harmonic component of the anode current will lag its applied voltage by an
angle @, so that -

tan ¢ = 2MfL _ 6L
ra

Ta

where £, in each case, is the fundamental frequency.
Thus, the angles by which the fundamental and third harmonic components of the anode
current are displaced from their respective voltages are different, and, further,

the anode circuit will offer a higher impedance to the third harmonic than to the
fundamental, causing frequency distortion as well as phase distortion.

5. EFFECT OF POSITIVE CONTROL GRID.

5.1 An examination of the anode current versus grid voltage curve of most valves will
show that the straight or linear portion generally extends from some negative value
to some positive value of grid voltage. These curves are usually drawn to show the
relation between the voltage actuslly at the grid and the anode current. If the
grid circuit contains impedance, as it does in most applications, the presence of
this impedance will make the anode current curve for all positive values of grid
voltage curved or nonelinear as follows «

5.2 When the grid of a valve is driven positive with respect to the cathode it attracts
electrons in the same manner as does the anode, and so grid current flows in the
grid circuit, the amplitude of this grid current increasing as the grid is driven
more positive. This grid current produces a voltage drop, which is 180° out of
phase with the signal voltage, across the impedances in the grid circuit.

5.3 In Fig. 6, the grid is driven positive by means of battery E, and the resultant grid
current produces a voltage drop across the impedance in the grid circult which is in
opnosition to, or 180° out of phase with, Eg. Thus, the voltage actually at the
grid will be fne difference between E, and the voltage drop across the impedance of
the grid circuit.

VOLTAGE DROP |
PRODUC z CONVENTIONAL
BY 1y DIRECTION OF
ACROSS Z GRID CURRENT Ig
+ lale Ec
il

FIG. 6. VOLTAGE PRODUCED BY GRID CURRENT,
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S5el If an alternating voltage of an amplitude high enough to drive the grid positive is
introduced into the grid circuit, as in Fig. 7, the amplitude of the voltage actually
at the grid will be reduced, as shown, only over that portion of the signal voltage
which drives the grid positive. This is because grid current flows only when the
grid is driven positive and, therefore, the antiephase voltage drop is likewise
produced over the impedance of the grid circuit only when the grid is driven positive.

OUTPUT CURRENT
WITH GRID CURRENT

Es VOLTAGE DROP
PRODUCED BY ig

FIG. 7. EFFECT OF GRID CIRCUIT IMPEDANCE.

5.5 This means that the amplitude of those halfecycles of signal which drive the grid positive
are reduced at the grid, whilst the other half-cycles are unaffected. The anode current
wave=~shape, therefore, will be distorted as in Fig. 7, which is the reverse of the anode
current waveeshape of Fig. 4. As the distortion in Fig, L is caused by the curvature
at the lower bend of the valve's characteristic, the distortion produced when the grid
is driven positive could be regarded as being caused by curvature of the characteristic
at positive grid voltages when impedance is present in the input circuit, as in Fig. 8.

CHARACTERISTIC WITHOUT
o | & GRID CURRENT OR

ZERO IMPEDANCE IN
/ GRID CIRCUIT

/

IMPEDANCE N
GRID CIRCUIT

o
Eg

ric, 8. CURVATURE OF CHARACTERISTIC DUE TO GRID CURRENT.
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5.6 Thus, when a triode is driven to grid current a considerable amount of distortion is
produced, whilst the normal dynamic characteristic of a pentode (see Fig, 9) will do
likewise. It can be shown mathematically that this distortion is due mainly to
the production of the third harmonic of the fundamental frequency.

la —
(b)
=0 ¥
Eq

DYNAILIC CHARACTERISTIC OF PENTODE.

FIG. 9.

6. DISTORTICNLESS OR CLASS A AMPLIFICATION.

6.1 From what has been discussed about the effect of positive control grid and lower bend
curvature, it will be seen that the alternating signal voltage applied to a valve
must be confined to the negative linear portion of the characteristic if the anode
current wavewshape is to be identical with that of the signal voltage. This can
only be achieved by the arrangements shown in Fig. 10.

FIG. 10. OPERATING CONDITIONS FOR CLASS A AMPLIFIER.

E. is a steady D.C. voltage equal to one-half the voltage between zero grid volts
and the start of the lower bend, and is known as the Grid Bias. The signal is
superimposed on the bias and, by confining the amplitude of the signal to that of
the bias, the grid will never be driven positive or into the lower bend. By this
means the anode current wave-shape will be identical with that of the signal voltage,
that is, no distortion results. This type of amplification is referred to as

Class A amplification. /1.



LONG LINE EQUIPMENT I. PAPER NO. 6.

T PAGE 9.
7. CLASSIFICATION OF AMPLIFIERS.

7.1 Amplifiers are classified in ways descriptive of their character and properties.

7.2 The first classification is according to the frequency to be amplified, for example,
audio frequency amplifiers to amplify frequencies from about 15 ¢/s to about 15,000
¢/s, and radio frequency amplifiers to amplify frequencies above about 15,000 c/s.

7.3 Amplifiers are also divided into voltage and power amplifiers for the reasons dise
cussed earlier in this Paper.

7.4 Amplifiers are also classified as to whether they handle a wide or narrow band of
frequencies, A band of frequencies is considered wide or narrow in proportion to
the ratio of the width of the band to the frequency at its centre. A band of
frequencies lying between 100 and 5,000 c/s is said to represent a wide band, whilst
the frequency band from 1,000,100 to 1,005,000 c¢/s, which extends over the same
frequency range, is narrow. When substantially equal amplification is to be
obtained over a band that is narrow according to this definition, tuned circuits can
be associated with the amplifier. In the example used, the tuned circuits associate
ed with the amplifier could be tuned to the frequency at the centre of the band,
about 1,002,500 c/s, and the slightly "rounded off" response of a tuned circuit
would pess frequencies lying 2,500 ¢/s on either side of thig frequency, because such
frequencies diffeer from the centre frequency by only about-zaa part of i1t. On the

other hand, tuned circuits could not be associated with amplifying the wide band
mentioned above. A circuit tuned to the centre frequency would be tuned to, about
2,500 c/s and would have to pass frequencies twice this frequency and also-§§ of it,

that is, 5,000 ¢/s and 100 c¢/s. Such a circuit is not a tuned circuit, as the
simple series or parallel combination of inductance and capacity which forms tuned
circuits will not pass frequencies that differ from their resonant frequency by such
a large amount. Radio frequency amplifiers are tuned, because the high carrier
frequencies employed in radio mean that the band handled by such amplifiers is
narrowe Audio and carrier frequency amplifiiers are wide band amplifiers and, there-
fore, untuned, because, although carrier frequencies extend into the radio partion of
the frequency spectrum, for example, up to about 140 kc/s on open wire lines, the
bands they handle are fairly wide according to the definition used.

7.5 Power amplifiers are also designated Class A, Class B or Class C according to their
operating conditions.

The Class A amplifier has already been dealt with and is exclusively used for all
amplifiers in carrier terminals, carrier repeaters and V.F. repeaters, because its
operating conditions are such that the anode current wave-shape is identical with
that of the applied signal voltage, that is, little or no distortion is produced.

As an energy converting device, the efficiency of the Class A amplifier is very low.
During a signal cycle, D.C. power is drawn from the anode supply source and is con=
verted into A.C. power, this A.C. power being passed on to the load on the amplifier.

A low conversion efficiency cannot be tolerated in amplifiers handling large amounts
of power; for example, power amplifiers in broadcast transmitters which sometimes
have an A.C. power output of 100 kilowatts. To increase the conversion efficiency,
Class B operation is used under some circumstances. Whilst Class B amplifiers have
no applications in Carrier Telephone and Telegraph systems, some idea of their
operation is necessary to understand Class C operation, which is used in many oscilw
lators in the systems mentioned.

Class B amplifier is biased practically to anode current cut-off, so that ancde
current flows in pulses lasting for only 180° of each signal cycle. When used as an
audio frequency amplifier two valves must be used, one to amplify one halfecycle and
the other to amplify the other halfecycle.

Decreasing the angle of anode current flow apparently increases the efficiency because
/the
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the efficiency of a Class B amplifier, through which anode current flows for only
180° of a signal cycle, is higher than that of a Class A amplifier through which
anode current flows for the whole 360° of a signal cycle. In the Class C amplifier
the angle of anode current flow is reduced to between 120° and 150° by biasing the
grid beyond anode current cuteoff. Class C operation cannot be applied to audio
frequency amplifiers since using two valves, as in the Class B case, will produce
incomplete halfecycles in the anode circuits.

8. GRID BIAS FOR CLASS A AMPLIFIERS.

8.1 There are many sources of grid bias, for example, dry cells, rectifier units, second-
ary cells, D.C. generators, etc., portion or all of the voltage they develop being
connected between the grid and cathode of the valve to be biased, depending on the
bias required and the voltage developed by the items mentioned.

8.2 Another method is to use the voltage drop over resistors in the cathode circuit when
directly heated cathodes (filament type§ are used. Fig. 11 shows how the bias for
the two valves in a S,T.C. voice frequency repeater is obtained.

B
RESISTOR 9
4-8-4>
| vAA
44V 46V

FIG. 11. BIAS ARRANGEMENTS IN S.T.C. VOICE FREQUENCY REPEATER.

The cathode current is 0.97 ampere, and the two valves require about =9 volts bias.
Valve B has =9 volts bias, this being provided by the L.4 volts drop across the
cathode of A and the 4.6 volts drop acrose resistor x, Valve A has =9.2 volts
bias, this being provided by the 4.6 volts drop across resistors x and y.

8.3 Perhaps the most widely used method of biasing a valve is by means of a cathode

resistance. This type of circuit is suitable for either directly or indirectly
heated cathodes.

Fig. 12 shows the arrangement. 1In Fig. 12 anode current flows in the conventional
direction indicated, producing a voltage drop across the cathode resistor Re in the

direction shown.

-
(b)

SIGNAL
INPUT

FIG. 12. CATHODE BIAS.

By choosing a suitable value of resistor, the voltage drop across it will equal the
bias required and the grid will be biased negatively with respect to the cathode by
the required amount. Under signal conditions the alternating component of the anode
“urrent flows through R, as well as ZL, so varying the voltage drop across Re and
verying the bias. This is prevented in Fig. 12 by connecting across R, & condenser
having a capacity large enough for it to shortecircuit R, effectively at the lowest
frequency to be transmitted through the amplifier. y
9
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9. GRID BIAS FOR CLASS C AMPLIFIERS.

9.1 Class B amplifiers are used in circumstances such that the grid is driven positive
during some signal cycles and not during others. On the other hand, Class C
amplifiers are used in circumstances such that the grid is driven well positive
during each signal cycle. The harmonics produced by this operation are rejected,
of course, by the tuned load in the anode circuit. The grid current produced by
driving the grid of a Class C amplifier positive is freguently used to produce the
required bias, This grid current (like the anode current) flows in pulses and
has an average value, as shown in Fig. 13,

. il GRID CURRENT PULSES

+ q =

Wt ?é _c“ l:) AVERAGE
9 AW XYY vawe

FIG, 13. GRID LEAK BIAS.

This average value of grid current passing through the grid resistor Rg in the
conventional direction shown produces an average voltage drop across Rg in the
direction necessary to bias the grid negatively by the required amount. The
signal voltage, however, is acting into a finite impedance in that the input
capacity of the amplifier wvalve will allow current to flow in the input circuit.
This current will produce a voltage drop across Rg and lower the effective input
to the valve. This is prevented by shunting Rg with a suitable condenser Cg,
which effectively short-circuits Rﬁ at the signal frequency., This resistance-
condenser combination is called a "grid leak," and this type of bias is termed
"grideleak" bias.

10. VOLTAGE AMPLIFTERS ~ METHODS OF COUPLING.

10.1 As mentioned previously, by employing a number of amplifiers in cascade almost any
degree of voltage amplification can be obtained. The method of applying the
voltage output from one stage to the input of the succeeding stage is called the
method or type of coupling. Before proceeding with a discussion on the different
types of coupling circuits employed, it will be desirable to qualify the general-
isation that voltage amplifiers work into load impedances which are fairly high,
as stated in the section on Voltage and Power Amplifiers., The coupling circuit
is actually the load impedance on a voltage stage, and its value should be such
that meximum voltage amplification is obtained with little distortion. Thus, the
impedance of the coupling circuit on a triode voltage amplifier will be higher
than that on a pentode, because high load impedances on triodes decrease distortion
and on pentodes increase distortion. In the circuits used, typical values will
be included for both pentode and triode valves. It must also be pointed out that
the coupling methods to be dealt with are for untuned amplifiers, that is, ampli-
fiers for carrier and audio frequencies and not for radio frequencies.

10.2 Resistance Coupling. In this method, a high resistance called a coupling resist
ance, Re in Fig. 14, is placed in the anode circuit across which the amplified
voltage is developed.

Ce

Re Rq Eo™

@

s el

FIG, 14. RESISTANCE COUPLED AMPLIFIER.
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The coupling condenser G, prevents the D.C. voltage applied to the anode of the first
stage from being applied to the grid of the valve in the succeeding stage. Cc should
be large enough to offer a low reactance to the lowest frequency to be transmitted
through the amplifier. Bias is applied to the grid of the second valve via a high
resistance Rg. This resistance prevents the connection necessary for providing the
bias from shunting the coupling resistance, so lowering the impedance of the load on
the first stage with a consequent reduction in amplification.

Typical values for Re, Ry, and Cg, respectively, are 0.1 megohm, 1 megohm and 0.01
microfarad. This applies to both pentode and triode valves. A typical triode
voltage amplifier, a 6SF5, has an ry of 66,000 ohms, whilst a typical pentode, a 6J7,
has an ra of 1 megohm. The impedance provided by the above combination will be
greater than the ry of the triode, but much less than that of the pentode, for distor-
tion considerations discussed previously.

The amplification varies with frequency in the manner shown in Fig. 15.

Z
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FIG. 15. AMPLIFICATION VERSUS FREQUENCY.
(RESISTANCE COUPLING)

This curve is obtained by applying a constant voltage to the input whilst verying the
frequency from zero upwards. The output voltage, which is the voltage input to the
next stage, is measured at all frequencies, and the ratio of E, to Eg, plotted as a
function of frequency and called a "frequency response" curve, will give the result
shown in Fig. 15. The falling off at low frequencies is a result of the fact that
the higher reactance, which the coupling condenser C¢ offers to low frequencies,
causes a considerable voltage drop to take place across it at those frequencies,
resulting in a steadily decreasing voltage drop across Rg and, therefore, across the
input to the second stage as the frequency is lowered. The reduction in amplifica-~
tion at high frequencies is caused by the valve and stray wiring capacities shunting
the grid and coupling resistances. These capacities have a low enough reactance at
high frequencies to lower the effective load impedance with a consequent reduction in
the voltage developed across that load impedance.

10.3 Transformer Coupling. In a transformer coupled amplifier, the load impedance cone
nected in the anode circuit of the valve is the primary winding of a tranaformer,
the secondary voltage of which is applied across the grid and cathode of the succeed~
ing valve as shown in Fig, 16.

Es

FIG. 16. TRANSFORMER COUPLED AMPLIFIER.

Transformer coupling has two advantages. In the first place, as a voltage step-up
can be obtained by means of a transformer, fewer voltage stages are required to
/rroduce
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produce a given voltage amplification by using transformer coupling than by using resist-
ance coupling. In the second place, as the primary winding of a transformer can be
wound with little resistance there will be very little of the anode supply voltage
dropped across it, so that the anode supply voltage can be lower than with resistance
coupling. Fig. 17 shows the way in which the amplification will vary with frequency
unless the transformer is very carefully designed.

ra
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FIG. 17. AMPLIFICATION VERSUS FREQUENCY.
( TRANSFORMER COUPLING )

The loss in amplification at low frequencies results from the low reactance which the
transformer primary has at low frequencies, whilst the falling off at high frequencies
is a result of the leskage reactance and distributed turns capacity of the secondary
winding. As these come into series resonance, the amplification may rise to a peak
and then fall rapidly. The leakage reactance of a transformer takes into account

those primary and secondary turns across which an e.m.f. of self=-induction is developed
but which are not responsible for an e.m.f. of mutual induction. For example, a
transformer may have 100 primary turns, and across these 100 turns an e.m.f. of self-
induction is produced. Only 90% of the primary flux cuts the secondary, so that the
primary is the equivalent of a 100 turn primary having 90 turns, the whole of the flux
from which cuts the secondary, in series with 10 turns, none of the flux from which cuts
the secondary. The primary flux, however, links the whole 100 primary turns, so that
these 10 turns have an inductive reactance which is called the Primary Leakage Reactance.
In exactly the same way the secondary winding has a leakage reactance which, in this
case, will be 1% of the total secondary turns, in series with those secondary turns
which are effective in inducing a voltage across the primary.

These leakage reactances are shown in Fig. 18,

PRIMARY SECONDARY PRIMARY
100, T 100% OF TURNS 90,
90 yEFr. QB 90 ¥, EFFICIENT = 1SS err
10T
o% Err

FIG. 18. TRANSFORMER LEAKAGE REACTANCES.

The distributed turns capacity takes into account the fact that the turns on a coil

act as the plates of small condensers, with the insulation separating them acting as

the dielectric. Thus, across the whole secondary winding, both effective and ineffecte
ive turns, is shunted a capacity which is the equivalent of this distributed capacity
between the secondary turns. Across the effective turns is induced a voltage from

/the
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the primary, so that these turns can be regarded as a generator, the whole producing
an equivalent secondary circuit similar to Fig. 19.

E )

VOLTAGE ON
ACROSS l SECONDARY
EFFICIENT TURNS
SECONDARY CAPACITY
TURNS _ A

il A J

SECONDARY
LEAKAGE REACTANCE

FIG. 19. VOLTAGE INPUT FROM TRANSFORMER COUPLING.

The secondary leakage reactance and distributed turns capacity form a series resonant
circuit as the load on the effective secondary turns. At resonance, the voltage
across either reactance in a series circuit can be many times the applied voltage and,
as the input to the succeeding stage is connected across the capacity in the circuit
of Fig. 19, a resonant rise in voltage amplification will result, producing the peak
in the response curve of Fig. 17.

10.4 An improvement in the low frequency response can be obtained by increasing the induct-
ance of the primary; for example, by using a large number of twrns and a core of
larger cross-sectional area. These, however, impair the high frequency response as
the increase in the cross-sectional area of the core and the increased number of turns
increase the distributed turns capacity of the secondary, so that resonance takes
place at a lower frequency. The use of an Alloy core improves both the high and low
frequency responses, as a high inductance can be obtained with few turne on a core of
small crossesectional area. The higher inductance improves the low frequency
response, and the decreased leakage reactance and distributed turns capacity of the
secondary, due to the smaller care and fewer turns, shift the resonant peak up to a
much higher frequency. With correct design, this frequency is well above the highe
est frequency to be passed through the amplifier. The use of an alloy core generally
means that the core will saturate with a low value of D.C. through the winding. This
is overcome by using the arrangement shown in Fig. 20, and known as Parallel or Shunt
Feed.
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FIG. 20. SHUNT FEED ARRANGEMENT.

The anode voltage is supplied to the valve through a choke, the condenser C keeping
the D.C. out of the primary winding whilst permitting the passage of the A.C. output
from the stage. The difficulties of transformer design are now transferred to the
choke, which must be just as carefully designed for a good frequency response.

10.5 Miscellaneous Coupling Methods. Whilst the resistance and transformer coupled cire
cuits represent the most widely used coupling methods, others which are variations of
the resistance method are sometimes used. For instance, in impedance coupling, a
coupling choke Lg replaces the coupling resistance Re of Fig. 14k. Another circuit
employs a coupling resistance Re with a grid choke Lg replacing the grid resistor Ry
of Fig. 14. Again, a choke may replace both coupling and grid resistors. As with
transformer coupling, these chokes must be carefully designed for a good frequency
response to be obtained.

/1.
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11. GRID AND ANODE RETURN LEADS,

11.1 The use of alternating current or unsmoothed direct current for heating filament
type cathodes always introduces a certain amount of hum into the anode circuit of
such valves, even when the thermal capacity of such cathodes is high enough to
rrevent them from cooling appreciably between alternations. This hum is intro-
duced because the return point becomes alternately more and less positive than
the average of the filament as the heating voltage goes through its cycle, this
being equivalent to applying voltages having the frequency of the heater voltage
to both grid and anode. Fig. 21 shows the situation, from which it will be seen
that the ends of the cathode become alternately positive and negative, so super-
imposing a voltage of this frequency on the anode and grid voltages.

z, z,

-—

FIG., 21. FILAMENT TYPE CATHODE HEATED BY A.C.

11.2 To reduce this superimposed voltage, the grid and anode return leads are brought
back to a point which, in effect, is the centre point of the cathode. By this
means, the superimposed voltage is reduced by one«half, as the voltage at a point
at the centre of the cathode will be only half that along its whole length., As
the centre point of the cathode is inaccessible, the grid and anode return leads
are usually brought to the centre point of a resistance connected across the
cathode as in Fig., 22,

———

‘} 1} A.C.OR UNSMOOTHED D.C.

FIG, 22, METHOD OF OBTAINING CENTRE POINT QF CATHQDE.

12. CLASS A POWER AMPLIFIERS.

12.1 As mentioned previously, all amplifiers used in carrier systems and repeaters are
operated on a Class A basis., This is for considerations of fidelity, and also
because the small amounts of power handled do not warrant the use of Class B or C
operation. The valves used in the power stage generally have a low r,, so that
little of their developed power will be dissipated in that rg, which means that
such valves will have a low p. However, this does not matter, as the preceding
voltage stages have produced the necessary voltage amplification.

12.2 Maximm power transfer will take place when the load on the valve is equal in
impedance to the rp of the valve. However, as with the voltage amplifier, the
power transfer must take place with little distortion. Far this reasow, some
efficiency of power transfer is sacrificed. In practice, the load impedance on a
triode is greater than its ry, whilst that on a pentode is much less than its rj.
As examples, a 2A3 power triode has an r, of 800 ohms and the recommended load
impedance is 2,500 ohms, whilst a 2A5 power pentode has an r, of 80,000 ohms and a
recommended load impedance of 7,000 ohms. As the actual device to which the
power is being supplied may have some other impedance value, this impedance value
is transformed to the correct load impedance for the valve céncerned by a matching
transformer with a suitable turns ratio. /12.3
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12,3 The different power stage circuits will now be examined -

Single Power Valve, This circuit, Fig. 23, requires no explanation other than that
the transformer transforms the load impedance Z1, to an impedance Zp, equal to that
recommended for the valve used.

—
4——2 4 Ty
FROM -
VOLTAGE a
STAGES
L

FIG. 23. SINGLE POWER VALVE.

Valves in Parallel. When valves are used in parallel, the ry of the whole stage will

be equal to % times the ry of one valve, n being the number of valves used in parallel.

If two valves are used, as in Fig., 24, the ra of the stage will be one~half the ry of
one valve. This will mean that Zg will be half the recommended value for one valve

to preserve the same impedance relations. As the impedances are halved, the power
output from the stage is doubled.

FROM
VOLTAGE
STAGE.

. g

FIG., 24, VALVES IN PARALIEL.

Valves in Push-Pull. Fig. 25 shows this arrangement. In this circuit, the grids of
the two valves are excited by equal voltages 180° out of phase, the outputs of the two
valves being combined by means of an output transformer having a centre tap.

As the grids of the two valves are excited by equal voltages 180° out of phase during
a signal, the anode current of valve A in Fig. 25 will increase, whilst that of wvalve
B will decrease during one halfecycle; during the other half=cycle the anode current
of A will decrease, whilst that of B will increase. Thus, during a signal, the two
halves of the primery of the output transformer produce unequal fluxes, and the resulte

ant flux, that is, the difference, induces across the secondary a voltage of the same
frequency as the signal.

FROM
VOLTAGE
STAGES

FIG. 25. VALVES IN PUSH-PULL.

The advantages of pushe=pull connection, assuming identical valves, are as follows =

(i) No D.C, saturation of the core of the output transformer. The D.C. in
the two halves of the primary magnetise the core in opposite directions,
8o producing zero resultant magnetisation.
(ii) A.C. ripple voltages present in the source of anode power , for example,
a rectifier unit, produce no hum voltages in the output because the hum
currents flowing in the two halves of the primary balance each other. /(1i4)
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(iii) There is less distortion for the same power output per valve or more power
output per valve for the same distortion as a result of the cancellation
of all even harmonics., This can be explained as follows -

If the grids of the two valves are driven into the lower bend during portion of the ine
put signal cycle, harmonic distortion will be produced, as explained in paragraph L.3.

Fig. 26 shows the effects when the grids of the two valves are excited by equal voltages,
180° out of phase. As previously explained, the individual output currents may be
resolved into a fundamental frequency egual to the input signal frequency plus a second
harmonic introduced by the valves,

Reference to Fig. 26 shows that the fundamental frequency currents in the output of each
valve are 180° out of phase, that is, as they are increasing in Valve A they are
simultaneously decreasing in Valve B, and vice versa. As mentioned earlier, these
currents produce a resultant flux in the core which induces a voltage of the signal
frequency across the secondary of the output transformer. The second harmonic current
components, however, are in phase, increasing and decressing simultaneously in the out-
put of each valve. These equal in-phase currents will produce no resultant flux.

la

VALVE A’ oS AL EUTANT

2" HARMONIC

—_—— +

FUNDAMENTAL
RESULTANT
2" HARMONIC

COMBINED
OUTPUT CURRENT

VALVE ‘B’ FROM YALVES A§,

| OUTPUT CURRENT
a (VALVE B)

FIG. 26, DISTORTION IN PUSH-PULL AMPLIFIER.

Thus, the second harmonics, although present in the output of each valve, induce no volte
age across the secondary winding of the output transformer and, therefore, do not appear
in the load. This applies to all even harmonics and even order combinations.  The
pushepull connection, however, does not eliminate odd harmonics, as their phase rela}%ons
in
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in the two halves of the primary of the output transformer are not such as to pro-
duce zero resultant flux.

Valves in Parallel Push-Pull. In this arrangement, Fig. 27, a number of valves in
parallel form each side of the pushe-pull circuit, giving a high output power with
low distortion.

FROM
VOLTAGE
STAGES

FIG, 27. VALVES IN PARALLEL PUSH-PULL.

13. NEGATIVE OR INVERSE FEEDBACK.

13.1 If a fixed percentage of the output voltage from an amplifier is returned to the
input 180° out of phase with the exciting signal, the input voltage will be re-

duced and the gain of the amplifier, that is, 'E% will be correspondingly re-

duced. This is termed Negative or Inverse Feedback and, despite the fact that
it reduces the gain of the emplifier, its use has certain decided advantages as
follows

(i) The frequency response of the amplifier is improved. In Fig., 28,
the output falls off rapidly at both high and low frequencies
without feedback, producing a very poor frequency response curve.
When feedback is used, the loss of amplification at high and low
frequencies results in less feedback voltage being applied in
opposition to the signal voltage at those frequencies. Thus,
the input voltage is lowered to a greater degree over the inter=-
mediate frequency range, resulting in the improved response
curve shown.

WITHOUT FEEDBACK

WITH FEEDBACK

AMPLIFICATION

FREQUENCY

FIG, 28. AMPLIFICATION VERSUS FREQUENCY CURVES.

(4i) The gain of the amplifier is not affected by normal variations in the
voltages of the various supply sources. If the amplifier tends to
produce an increased or decreased output due to such variations, a
check is provided by a corresponding increase or decrease in the
feedback voltage.

/(1i1)
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(iii) A substantial reduction is effected in the harmonic distortion in the
output. In the output of an amplifier, not only will the input signal
frequencies be present but also their harmonics, these being produced
by the non-linearity of the amplifier wvalve's characteristic. A
percentage of these harmonic voltages is applied to the input,
together with the originals, thus reducing them.

13.2 Practical Feedback Amplifiers. There are many ways of applying negative feedback to
an amplifier, all of which may be reduced to one of two types of circuit, namely,
Current feedback or Voltage feedback.

Current Feedback. Fig. 29 shows a current feedback circuit arranged in a resistance
coupled stage. It will be remembered that the alternating voltage output from an
amplifier valve is 180° out of phase with the signal voltage, that is, the alternat-
ing voltage acting in the anode circuit of an amplifier valve is 180° out of phase
with the signal voltage. This means that the altermating voltage developed across

a cathode bias resistor, with its by-pass condenser removed, will be 180° out of
phase with the signal voltage, because the cathode resistor forms part of the anode
circuit as well as part of the input eircuit.

Fig. 29 uses portion of this cathode bias resistor across which to develop the feed-
back voltage. Portion, rather than all, of the bias resistor is used as, in
general, a different value of resistor will be required for bias purposes from that
required to provide the desired amount of feedback. This circuit, whilst reducing
harmonic distortion in the output and so on, will not improve the frequency response.
This is because, for typical values of R,, C; and Rg, the impedance on the stage to
which feedback is applied is almost independent of frequency, so that the current
output from Eg is likewise almost independent of frequency. As this current flows
through Rfyp, across which it develops the feedback voltage, this feedback voltage
will likewise be independent of frequency. Thus, the feedback voltage will not rise
and fall with frequency, as may the voltage across R, which is the output voltage, so
that no improvement in the frequency response results from the use of this circuit.

MEg

FIG, 29. CURRENT FEEDBACK CIRCUIT.
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Voltage Feedback. This arrangement, shown in Fig. 30, is a real voltage feedback

arrangement, in that R + Rfp in series are across Ry, the resistor across which the cut-
put voltage is developed. Thus, the voltage across Rfy is a proportion of the output
voltage, the proportion depending on the ratio of Rfp to R. This arrangement, there-
fore, will correct the frequency response as well as have the other advantages of neg-
ative feedback.

Cc
e ——
T
Re Y
Es <4
1
N nE
Rfb I
b-AAfO ¢ ? §
“'AVRV A aud

FIG. 30. VOLTAGE FEEDBACK CIRCUIT.

14, TEST QUESTIONS.

1.

2,

3.

L,

Why is it necessary to provide separate voltage and power stages in an amplifiex?
Explain how cathode bias is applied to an amplifier.

Explain, using sketches, how the non~linesr portions of a valve characteristic
introduce distartion.

What are the operating conditions for Class A amplifiers and why are these operating
conditions necessary?

List the adventages of a pushepull amplifier.

With the aid of diagresms, explain how a pushepull amplifier reelises these advantages.
What is meant by "Negative Feedback?" What are the advantages of its use?

What is meant by -

(1) A resistance coupled amplifier, and
(ix) A transformer coupled amplifier?

END OF PAPER.
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1. INTRODUCTION.

1.1 As has been mentioned previously, thermionic valves are used to supply the carrier
frequencies required for carrier systems. To do this, thermionic valves have
associated with them resonant circuits which may be either electrical, mechanical
or electro=mechanical. Examples of the three types are inductanceecapacitance
cambinations, tuning forks apd piezow=electric crystals, respectively. Up to the
present, the oacillators in Carrier Systems in use in Australia employ either
inductance~capacitance combinations or tuning forks. DBefore discussing the
various circuits which will be encountered in practice, the gensral conditions
necessary for the production of alternating currents and voltages of constant
amplitude in such circuits will be dealt with first,
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2. PRINCIPLE OF OSCILLATOR.

2.1 Up to the present the anode current flow through a valve has been regarded as per-
fectly regular ~ somewhat like a smooth, fluid flow. This is not a true concepe
tion, as the stream of electrons flowing from
cathode to anode is made up of a series of
particles rather than a continuous fluid flow.
This means that the electrons strike the anode in

TUNED <= ouUTPUT a mamner somewhat resembling hailstones striking

CIRCUIT VOLTAGE. a roof, this action producing minute irregulare
ities in the anode current. This effect is
known as "shot effect." The minute irregular-

ities in the anode current contain all fre-

quencies from zero to infinity so that, if it is

desired to use one particular frequency, a cir=

TUNED CIRCUIT IN AUODE CIRCUIT. cuit tuned to that frequency could be placed in
the anode circuit and would develop maximum

FIG. 1. voltage at the resonant frequency. In other

words, the tuned circuit would "pick off" the

frequency required from all others present. Fig., 1 shows the idea.

2.2 A parallel circuit is used in preference to a series circuit because the effect of
resistance in a series circuit is to reduce the selectivity, that is, the ability
of a series circuit to pass its resonant frequency whilst rejecting others close
to that frequency, by reducing the current at resonance. This, in turn, reduces
the voltage across X1, or X¢, as shovn in Fig. 2a. The majority of the resist-
ance present in an oscillator circuit would be the r, of the valve, which would
norrzlly almost completely destroy series resonance.

= 1 R =0

3 | g
5 | R=0 ]
ko ! a }
Q% | i
5 < I = -
z2° ) ! R= R 3 : R=2R
9 u & I
& ' R=2R™ 2 !

= ) Ly
z i 8 = 3R
w ' R=3R>  J i
] 1 | AR
« w ]
i | 2 |
g ./f!‘ H fr\,

FREQUENCY 2 FREQUENCY
(2) Series Circuit. (b) Parallel Circuit.

SELECTIVITY CURVES.

Note. R = Resistance in series with each circuit.

FIG. 2.

2.3 On the other hand, the r, of the valve in series with a parallel circuit would aid
the selective action of that circuit. This would be because a parallel circuit
dravs minimum current at resonance, the current drawn from the supply increasing as
the frequency departs from resonance. At resonance, therefore, minimum voltage
drop takes place across the resistance in series with a parallel circuit, so that
maximum voltage is applied across the latter. As the frequency departs from
resonance the current increases, increasing the voltage drop across the series
resistance and therefore decreasing the voltage applied across the parallel cir-
cuit, as shown in Fig. 2b.

Jof
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Of course, maximum current circulates in the parallel circuit at resonance, although
minimum current is being dravm from the supply, whilst the circulating current
decreases as the frequency departs from resonance. At resonance, the circuit is
colloquially said to be "oscillating", and the tuned circuit is often spoken of as
an "oscillatory" circuit.

2.4 Thus, an alternating current of the required frequency would flow in the tuned
circuit, the amplitude of this current being many times the amplitude of that of the
same frequency in the anode current irregularities. As an alternating current flows
in the tuned circuit, an alternating voltage will be developed across it which could
be amplified for useful purposes. The valve that produces the irregularities from
which the required frequency is selected is almost exclusively used as the amplifier
also. For the valve to do this, correct phase relations must be maintained in that
the amplified oscillations must appear in the anode circuit in phase with the
original oscillations. This means that the phase shift from the og;c:.llatory circuit
through the valve and back to the oscillatory circuit must be 0° 5 360° or some
integral multiple of 360°% As the valve is responsible for a phase shif't of 180°
between grid and anode, an additional 180° is required in the amplifying process.
This is provided in a number of ways, the exact method depending on the type of
oscillator circuit employed. Some of these circuits will now be dealt with.

3. TUNED ANODE OSCILLATOR.

3.1 The tuned anode circuit is shown in Fig. 3. As describzd above, a tuned anode circuit
selects the frequency required from the anode circuit irregularities. The tuning
inductance forms the primary winding of a transformer, the secondary winding of which

is connected across grid and cathode. If both
windings of the transformer are wound in the same
direction their induced voltages during one half
cycle of oscillatory current will be in the
direction shown. When the secondary voltage is
applied to the grid and cathode in the manner
shown a phase shift of 180 is obtained, and this,
together with the 180 phase shift through the

——++——+J

[ valve enable the oscillations to appear in the
) 5 N anode circuit in phase with the originals. These
HFee=geae= will steadily build up in amplitude as successive

TUNED cycles are developed and amplified, the limit
Suls Bece iy being reached when the grid swings extend from
FIG. 3. anode current cut-off to saturation.

3.2 From this circuit the phase relations necessary for the operation of most oscillators
can be deduced. From Fig. 3 it will be seen that the oscillatory voltage across
anode and cathode is always 180° out of phase with that across grid and cathode,
these voltages being indicated for some instant. Any circuit arrangement which
brings about this condition will oscillate.

3.3 Fig. 4 shows a practical tuned anode oscillator. Oscillators of this type supply the
carrier frequencies for the S.T.C. Type C three-channel carrier telephone system.

r—{—4
R
TO MOD.
L_]' TO DEMOD.

FIG. 4. FPRACTICAL TUNED ANODE OSCILLATOR.
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Shunt feed is used to prevent direct current from passing through the tuning inducte
ances and transformer windings. The feedback and output resistors, Rep and Ro,
respectively, are proportioned so that, whilst enough of the output power is passed
to the modulator and demodulator for their successful operation, the amount of the
total output power applied to the oscillatory circuit is sufficient to produce the
output power required for the above two purposes.

L. TUNED GRID OSCILIATOR.

4.1 In the tuned grid circuit, Fig. 5, the tuned circuit is in the grid circuit. When

the bias is zero, as it is in this circuit and also in Figs. 3 and 4, grid current
flows and the minute irregularities produced by the shot
effect at the grid give rise to oscillations in the grid
tuned eircuit. As in Fig. 3, the phase relations between
the anode and grid circuit oscillatary voltages are such
as to maintain the oscillations.

4.2 Another way of locking at the operation of the Tuned
Grid Oscillator is to think of the anode current irreg-
— ularities as inducing voltages of all frequencies across
-+ the grid tuning inductance. As the grid circuit is tuned
to the frequency required from the oscillator, currents
TUNED GRID CIRCUIT. of this frequency will flow in the tuned grid circuit and
voltages of this frequency will be developed across the
FIG., 5. grid tuned circuit for application to the grid for amplifi-
cation. Here, again, the phase shift from the anode cir-
cuit, through the transformer and amplifying process and back to the anode circuit
is %0°, so that the general condition discussed earlier is fulfilled.

4,3 This type of oscillator is used to develop the base frequency of 4 ke/s in 17-
channel carrier telephone systems.

5. HARTLEY OSCILLATOR.

5.1 The Hartley oscillator is widely used, as only a single coil with an intermediate
tap is required. The directions of the grid to cathode and anode to cathode
J" oscillatory voltages necessary for oscillation
i

were shown in Fig. 3, and these directions agree
with those in Fig. 6. At some instant the
oscillatory voltage acting across the whole of
F+ the tuned circuit is in the direction indicated,
P that is, point P is positive with respect to
Point G. Point F, which is intermediate be-
tween points P and G, will be negative, there-
HARTLEY OSCILLATOR. fore, with respect to point P but positive with
respect to point G. Thus, the voltage across
FIG. 6. points P and F, that is, across anode and cathode,
is opposite in direction to, or 180° out of phase
with, the voltage across points G and F, that is, across grid and cathode, which
agrees with Fig. 3.

5.2 Fig. 7 shows an application of the Hartley oscillator, the circuit being the oscil-
lator for some issues of the Type F singlewchannel systems. Here, again, shunt
feed is used to keep the direct current out of tuning inductances, etc. Grid

leak bias is employed. .
T H—MWWo———

[ £ 4

TO MOD.
OR

L orsron.

FI1G. 7. PRACTICAL HARTLEY OSCILLATOR.

GRID LEAK.

O
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6. COLPITTS OSCILLATOR.

6.1 The Colpitts circuit is similar to the Hartley circuit except that, instead of tap-
ping an intermediate point on the inductance, the tuning capacity is divided into
two series capacities with the intermediate point connected to the cathode, as in
Fig. 8.

——— G

T

PIG. 8. COLPITTS CIRCUIT.

7. FREQUENCY STABILITY OF OSCILLATORS.

7.1 Where a high degree of frequency stability is required from an oscillator, mechanic-
al or electro-mechanical oscillating systems are frequently used as their frequency
stability is greater than that of electrical oscillatory circuits. For example,
the natural frequency at which a tuning fork or piezo-electric crystal oscillates
will exhibit practically no change over very wide ranges of temperature, whilst the
natural or resonant frequency of an inductance~capacitance combination changes with
temperature because temperature changes cause slight changes in the inductance and
capacity of the combination. In 17«channel carrier telephone systems the tuned
grid circuit of the oscillator developing the base frequency of 4 kc/s is placed in
an oven, which is maintained at a constant temperature by thermostat control, so
keeping the inductance and capacity and, therefore, the resonant frequency, of the
combination constant. In Type J systems, and also Type K 12-channel carrier tele-
phone systems, a tuning fork oscillator is used to develop a base frequency of U4
kc/s. Most of the carrier frequencies used in such systems are multiples of L
ke/s, and these are provided by distorting the L4 kc/s output from the base fre-
quency oscillator. The resultant distortion produces the required harmonics, or
multiples, of the base frequency. This principle is also used in 17-channel
systems. As mentioned above, the reason for using these mechanical or electro-
mechanical oscillating systems is that their frequency stability, even without
such arrangements as temperature~controlled ovens, is much greater than that of
inductance~capacitance combinations.

8. TUNING FORK OSCILLATORS.

8.1 In the tuned anode oscillator circuit of Fig. 3 energy is transferred from the anode
circuit to the grid circuit at one frequency alone, the selective action being
accomplished by tuning the ancde circuit to the
frequency at which the energy transfer is to take
TUNING place. In the tuning fork oscillator used in
FORK Type J and K systems, the tuning fork provides a
QDE

resonant link between the anode and grid circuits

via which the energy transfer takes place. As the

COIL fork prongs vibrate, they disturb the magnetic
field produced by the anode current flowing through
the anode coil at the natural frequency of vibra-
tion of the prongs, this disturbance inducing a
voltage of the corresponding frequency across the

TUNING FORK OSCILLATOR. grid coil, the turns of which are linked by the
flux produced by the anode coil. This voltage is,
FIG. 9. of course, amplified by the valve. Fig. 9 shows
the idea.

/8.2
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8.2 Because of friction losses the prongs of a tuning fork cease to vibrate a short time
after having been set into vibration, usually by a slight blow. To keep the tuning
fork vibrating and so sustain the energy transfer between anode and grid circuits,
the oseillatory current produced by the amplified voltage across the grid coil flow=-
ing through the anode coil must produce a flux in a direction such as to aid the
mechanical movement of the fork prongs. For example, when the prongs are moving
outwards they induce a voltage across the grid coil in a certain direction. This
voltage is amplified, and the effect of the resultant flux change in the anode coil,
produced by the amplified anode current flowing through it, must be to aid the oute
ward movement of the prongs. In other words, the anode coil must supply energy to
the fork to maintain it in oscillation, and this energy must be supplied in phase
with the original energy represented by the vibrations of the prongs. This brings
one back to the original condition for generating sustained oscillations, that is,
that the phase shif't from the source of oscillation, through the amplifying process
and back to the source again must be 0°, 360° or some multiple thereof. Just as the
correct connection of the grid-cathode and grid-anode coils achieve this in the pree
ceding circuits, so the same precautions will maintain the tuning fork in oscilla-
tion in this circuit. In some Type J and K systems, the selective action of the
tuning fork is aided by tuning the anode and grid circuits by shunt condensers not
shown in Fig. 9.

9. MAGNETTIC GENERATION OF A GROUP OF CARRTER FREQUENCIES.

9.1 As mentioned previously, the carrier frequencies for Type J and Type K 12~channel
systems are provided by distorting the output from a L k¢/s oscillator, this distor-
tion producing harmonics of 4 ke/s, many of which are used as carriers. In the
systems mentioned, the harmonic producing device, together with its oscillator, is
referred to as the "carrier frequency generator."

9.2 The essential circuit elements employed in the carrier frequency generator are shown
in Fig. 10.

HT CONTROL

-
-
5 TO TRAN VALVE
g5 ClR(:JJl‘sT'FER AMPLIFIER

ODD
HARMONICS

1

c
NON-LINEAR
COlL

HARMONICS

FIG. 10. MAIN ELEMENTS OF CARRTER FREQUENCY GENERATOR.

The generated frequency of the oscillator valve is controlled by a L ke/s tuning -
fork. This tuning fork is made of an alloy having a low temperature coefficient, and
is operated in a vacuum in a sealed container. The stability of this tuning fork is
such as to hold the frequency of oscillation accurate to within %t 1 cycle in one
million. The oscillator output is amplified in two stages to a value of about 4
watts by the control valve and two power valves operating in a pushepull arrangement.
The control valve also acts in conjunction with an auxiliary transfer circuit (not
shown in Fig., 10) to put automatically into service an emergency oscillator in case

of the failure of the regular circuit.

9.3 The secondary of the output transformer and condenser C are designed to be resonant
at L kc/s, and so C practically shorts out any second harmonics developed in the
amplifier valves. The series cordensers Cq and inductances L4 are resonant at 4
kc/s, and thus favour transmission of a pure sine wave of L ke/s current to the
bridged coil Lo. This latter coil, in conjunction with the condensers C2, produces
0dd harmonics of the applied L kc/s frequency. /9.4
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6. COLPITTS OSCILLATOR.

6.1 The Colpitts circuit is similar to the Hartley circuit except that, instead of tap~
ping an intermediate point on the inductance, the tuning capacity is divided into
two series capacities with the intermediate point connected to the cathode, as in

Eo 1
AN

PG, 8. COLPITTS CIRCUIT.

7. FREQUENCY STABILITY OF OSCILLATORS.

7.1 Where a high degree of frequency stability is required from an oscillator, mechanice
al or electro-mechanical oscillating systems are frequently used as their frequency
stability is greater than that of electrical oscillatory circuits. For example,
the natural frequency at which a tuning fork or piezo~electric crystal oscillates
will exhibit practically no change over very wide ranges of temperature, whilst the
natural or resonant frequency of an inductance~capacitance combination changes with
temperature because temperature changes cause slight changes in the inductance and
capacity of the combination, In 17=channel carrier telephone systems the tuned
grid circuit of the oscillator developing the base frequency of L ke/s is placed in
an oven, which is maintained at a constant temperature by thermostat control, so
keeping the inductance and capacity and, therefore, the resonant frequency, of the
combination constant. In Type J systems, and slso Type K 12-channel carrier tele-
phone systems, a tuning fork oscillator is used to develop a base frequency of 4
kc/s. Most of the carrier frequencies used in such systems are multiples of L
ke/s, and these are provided by distorting the L kc/s output from the base fre-
quency oscillator. The resultant distortion produces the required harmonics, or
multiples, of the base frequency. This principle is also used in 17-channel
systems, As mentioned above, the reason for using these mechanical or electroe
mechanical oscillating systems is that their frequency stability, even without
such arrangements as temperature-controlled ovens, is much greater than that of
inductance~capacitance combinations.

8. TUNING FORK OSCILLATORS.

8.1 In the tuned anode oscillator circuit of Fig. 3 energy is transferred from the anode
circuit to the grid circuit at one frequency alone, the selective action being
accomplished by tuning the anode circuit to the
frequency at which the energy transfer is to take
TUNING place. In the tuning fork oscillator used in
FORK Type J and K systems, the tuning fork provides a
ODE

resonant link between the anode and grid circuits

via which the energy transfer takes place. As the

COIL fork prongs vibrate, they disturb the magnetic
field produced by the anode current flowing through
the anode coil at the natural frequency of vibra-
tion of the prongs, this disturbance inducing a
voltage of the corresponding frequency across the

TUNING FORK OSCILLATOR. grid coil, the turns of which are linked by the
flux produced by the anode coil. This voltage is,
FIG., 9. of course, amplified by the valve. Fig. 9 shows
the idea.

/8.2
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8.2 Because of friction losses the prongs of a tuning fork cease to vibrate a short time
af'ter having been set into vibration, usually by a slight blow. To keep the tuning
fork vibrating and so sustain the energy transfer between anode and grid circuits,
the oscillatory current produced by the amplified voltage across the grid coil flow-
ing through the anode coil must produce a flux in a direction such as to aid the
mechanical movement of the fork prongs. For example, when the prongs are moving
outwards| they induce a voltage across the grid coil in a certain direction. This
voltage is amplified, and the effect of the resultant flux change in the anode coil,
produced by the amplified anode current flowing through it, must be to aid the oute
ward movement of the prongs. In other words, the anode coil must supply energy to
the fork to maintain it in oscillation, and this energy must be supplied in phase
with the| original energy represented by the vibrations of the prongs. This brings
one back to the original condition for generating sustained oscillations, that is,
that the phase shift from the source of oscillation, through the amplifying process
and back to the source again must be 0°, 360° or some multiple thereof. Just as the
correct connection gf the grid-cathode and grideanode coils achieve this in the pre=-
ceding circuits, so [the same precautions will maintain the tuning fork in oscilla=~
tion in this circuif. In some Type J and K systems, the selective action of the
tuning fork is aided by tuning the anode and grid circuits by shunt condensers not
shown in Fig. 9. |

9., MAGNETIC GENERATION OF A GROUP OF CARRIER FREQUENCIES.

3.1 As mentioned previoquy, the carrier frequencies for Type J and Type K 12-channel
systems are provided by distorting the output from a 4 kc/s oscillator, this distor=-
tion producing harmonics of & kc/s, many of which are used as carriers. In the
systems mentioned, the harmonic producing device, together with its oscillator, is
referred to as the "carrier frequency generator."

9.2 The essgential circuit elements employed in the carrier frequency generator are shown

in Fig. 10,

! %jf;??;:’ 0
Y
a%

a

5]
3 HT CONTROL NON-LINEAR zg
0scC. TO TRANSFER VALVE CoilL ‘“2
CIRCUIT AMPLIFIER ﬁ“
-

FIG, 10. MAIN ELEMENTS OF CARRTER FREQUENCY GENERATOR.

The generated frequency of the oscillator valve is controlled by a 4 ke/s tuning -
fork. This tuning fork is made of an alloy having a low temperature coefficient, and
is operated in a vacuum in a sealed container. The stability of this tuning fork is
such as to hold the frequency of oscillation accurate to within t 1 cycle in one
million. The oscillator output is amplified in two stages to a value of about L
watts by the control valve and two power valves operating in a push-pull arrangement.
The control valve also acts in conjunction with an auxiliary transfer circuit (not
shown in Fig. 10) to put automatically into service an emergency oscillator in case

of the failure of the regular circuit.

9.3 The secondary of the output transformer and condenser C are designed to be resonant
at 4 kc/s, and so C practically shorts out any second harmonics developed in the
amplifier valves. The series condensers Cq and inductances 14 are resonant at 4
ke/s, and thus favour transmission of a pure sine wave of L ke/s current to the
bridged coil Lo. This latter coil, in conjunction with the cordensers C2, produces
odd harmonics of the applied 4 kc/s freguency. /94
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9.4 The action of the coil as a harmonic producer depends upon the fact that its core, made

of permalloy, becomes magnetically saturated at relatively low current values. The
coil is physically quite small, the core being a coil of permalloy ribbon. A B/H
curve for the core is shown in Fig. 11, from which it will be noted that it saturates
at very low field intensities and, therefore, with a comparatively low current in its
winding. Since the inductance is proportional to the permeability, B/H, this means
that the inductance has a high value at low current values but, outside of a very
narrow range of current values, the inductance becomes nearly zero as the curve becomes
approximately horizontal. This is also shown in the curves of Fig. 11.

9.5 With these facts in mind, the behaviour of the coil and its associated condensers can be

analysed by using the simplified circuit of Fig. 12 where all of the circuit to the
right of C» is represented by the resistance Ro.

! 1 G L Cz
0 ' B
o .
H L Ry
CHARACTERISTICS OF NON-LINEAR COIL. SIMPLIFIED CIRCUIT OF NON~LINEAR COIL.
FIG, 11, PG, 12,

One cycle of current set up by the L kc/s applied voltage is shown in Fig. 13a. As
this current increases from zero the inductance of the coil bridged across the line
will at first be high and, as a result, current will
flow into the condenser and the load Rp.  This cure-
rent is shown by the small section ab of the curve of
Fig. 13b., When the applied current reaches the
critical value, x, however, the core of the coil be-
@) comes saturated and the inductance of the coil
immediately decreases to zero. As the coil has a
low resistance it then becomes effectively a short-
circuit, and no additional current flows into R2.
On the contrary, the charged condenser Co discharges
through the coil, causing the sharply peaked negative
current surge shown in the section be. For the
remaining part of the positive pulse of the applied
(b) voltage the coil continues to act as a shortecircuit,
the condenser remains discharged and no current flows
in the resistance Rp.  When the applied current
reverses in direction, however, the coil again
presents a high inductance to the low values of
negative current, and a small negative current, de,
flows into the condenser Cp and resistance Rp. Again,
as soon as the coil becomes saturated the condenser
discharges to cause the sharp positive peak of cur-

CURRENT WAVE FORMS. rent ef. An analysis of the curious current wave
of Fig. 13b would show that included are all of the
FIG. 13. 0dd harmonics of the applied 4 ke/s current and,

further, that up to very high frequencies the
amplitude of all of these harmonics is approximately the same. This is because the
sharp peaking of the wave form produces harmonics at the expense of the amplitude of
the fundamental, that is, the amplitude of the 4 ke¢/s fundamental decreases with the
"peaking," so increasing the amplitude of the harmonics, the arrangement producing
harmonics which do not vary greatly in amplitude.

/9.6
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9.6 As indicated by Fig. 10, these 0dd harmonics are separated for use in the various

carrier channels by means of filters. Even harmonics are obtained by means of a
full-wave rectifier bridged across the output of the non-linear coil., This
rectifier rectifies about half of the output from the nonelinear coil and, in the
ideal case, the rectifier output appears as a full-wave rectified L4 kec/s. This
can be analysed into a fundamental frequency of 8 kc/s plus all harmonics, both
even and odd. Since even and odd harmonics of 8 kc/s are even harmonics of L
kc/s, this circuit produces the even harmonics of the 4 ke¢/s fundamental, which
are selected by a second group of filters.

9.7 The complete separation of odd and even harmonics by the method described tends to

simplify the design of the selecting filters since it automatically separates any
two frequencies in either of the output circuits by 8 kc/s.

10. GENERATION OF A GROUP OF CARRIFR FREQUENCIES BY A MULTIVIERATOR.

40.1 In 17-channel systems used on cable circuits in Australia, a base frequency of L

FROM
4KC.
0OsC.

ke/s is generated by a tuned grid oscillator. To preserve frequency stability,
the tuned grid circuit is maintained at a constant temperature in a temperature-~
controlled oven. As in the Types J and K systems, all carrier frequencies are
multiples, or harmonics, of 4 kc/s. In these 17-channel systems a sharply
peaked wave form, rich in harmonics, is produced by passing the L kc/s output
from the base frequency oscillator through a unit termed a "Multivibrator." The
multivibrator is actually a number of stages in tandem coupled by resistance-
condenser combinations which, together with the suitable adjustment of their
electrode and input voltages, produce the peaked wave form required. Fig. 14
shows the elements of the circuit, together with the wave forms produced by the
various stages.

+130V

nnon s

AA,
WO o vy v y

FIG. 14. MAIN ELEMENTS OF MULTIVIBRATOR CIRCUIT.
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10.2 The circuit functions as follows -

The output from the 4 kc/s oscillator (not shown in Fig. 14 but similar to Fig. 5) is
resistance coupled to V1, which is termed a "chopper" valve, The sinusoidal 4 kc/s
voltage input to this valve, shown in Fig. 14a, drives the grid of this valve well
beyond saturation and anode current cut-off, the electrode and input voltages being so
arranged that saturation and cut-off are reached before the output voltage from the
oscillator has risen very far in either direction. By this means, that portion of
the sinusoidal output from the oscillator over which the rise and fall of voltage is
least rapid is "chopped off," so that the output from the "chopper" valve is a square=
topped wave (Fig. 14b) whose sides rise very steeply.

10.3 This "chopper" stage is transformer-coupled to what is termed a "clipper" stage, V2.
A square~topped wave will be produced across the secondary of the coupling transformer
(Fig. 14c), and the purpose of this "clipper” stage is to produce sharply peaked
pulses from the square wave applied to it. Across the secondary of the coupling
transformer is connected a resistance condenser combination, R=C, the resistance being
shunted by a metal type rectifier. The purpose of the R-C combination is to produce
a sharply pesked voltage input to V2, which is taken from across R, and the purpose of
the rectifier is to limit the amplitude of the positive peaks.

The arrangement functions as follows -

At instant x of Fig. 15a, a voltage is suddenly induced across the secondary of the
coupling transformer in the direction indicated in Fig. 15b. This voltage charges
the condenser C, the charging current flowing in the direction indicated. A con-
denser charging current is initially high and gradually falls to zero, so that, as
this current passes through the rectifier it will develop a voltage drop across the
rectifier. Due to the low resistance of the rectifier, the amplitude of the voltage
pulse developed across it will be small, as indicated by the positive pulse b of

Fig., 154,
L
[+ &
b4 y K\' :Ez 5\\
Q) L 4

(b)

<

i _/l (c) (d)

FPIG. 15. ACTION OF R-C COMBINATION WITH RECTIFIER.

This voltage is maintained across the condenser until instant y, when it is removed to
be replaced immediately by an equal voltage in the opposite direction. The position
is now indicated in Fig. 15c, which indicates the directions of the voltages across
the condenser and secondary winding of the coupling transformer.

The condenser will now discharge and recharge in the opposite direction, this discharge
and charging current passing through the resistance R, as the rectifier is now block-
ing. This charge and discharge produces a current pulse of the same shape as the
original, but the resultant voltage pulse is of higher amplitude as shown at c of Fig.
14d. This is because the reverse resistance of the rectifier is higher in value than
the forward resistance, so that a higher amplitude voltage pulse will be produced
across it. Thus, as each cycle of the square wave is applied to the R~C combination,
the square wave halfecycles are "peaked" to appear as in Fig. 15d. As the input to
the first "clipper" valve V2 is connected across R, Fig. 15d and also Fig. 144
/represent
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represent the shape of the voltage wave applied to it. This wave has a fundament-
al frequency of L ke¢/s and, due to the "peaking," is very rich in harmonics. V2
has about zero bias in its operating condition, so that the small amplitude pos-
itive pulses drive it towards saturation whilst the negative pulses drive it to-
wards cut-off. This produces Fig. 14e in the output of V2, which is the same
shape as Fig. 14d but inverted (because of the 180° phase shift in the valve) and
amplified.

10.4 V2 is resistance coupled to another clipper stage, V3. The coupling condenser and
grid resistor in the coupling circuit are proportioned to "peak" or "sharpen" the
signal voltage applied to V3 in the same manner as did the R-C combination
described above. V3 is biased beyond anode current cut-off so that it amplifies
only the sharpest portions of the positive pulses of Fig. 14f, these being the out-
put pulses from V2 "sharpened" by the coupling circuit. The output of V3 is shown
in Fig. 14g which contains only the sharpest portions of the positive pulses of
Fig. 14f inverted by the velve and amplified. Thus, V3 further sharpens the wave-
shape and halfe-wave rectifies i1t, the result being a fundamental frequency of 4
kc/s plus harmonics up to a very high order. The output of the multivibrator unit
is passed to a number of filters which select the required carrier frequencies.
Bach carrier frequency is amplified by a separate carrier amplifier, these amplifi-
ers providing enough power and a sufficiently low output impedance to supply all of
the modulators and demodulators for 10 systems.

11. TEST QUESTIONS.

1. Why is a parallel resonant circuit preferred to a series resonant circuit in a tuned
anode oscillator?

2. Describe briefly the conditions necessary for sustaining oscillations in a valve
oscillator.

3., How does a Hartley oscillator fulfil the conditions outlined in the answer to
Question 2 above?

k. Explain how the non-linear coil of the carrier frequency generator for 12-channel
systems fulfils its functions.

5. How are the carrier frequencies produced in 17-channel cable carrier systems?

END OF - PAPER.
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10. TEST QUESTIONS.

1. INTRODUCTION.

1.1 In Paper-No. 2 of this book it was shown that modulation is the process of translate
ing the voice frequency band into a band of higher frequencies by means of suitable
circult elements, and that the type of modulation employed in carrier systems is
known as Amplitude Modulation. Amplitude Modulation is so called because the
different frequencies produced by the process, when added together, give the im~
pression that the amplitude of the carrier current or voltage which has been used
in the modulation process has been varied or "modulated" by the modulating voice
frequency. Nevertheless, Amplitude Modulation is primarily a frequency trans-
lation process, and it is from this point of view that the subject will be attacked.

2, PRINCIPLE USED IN MODULATORS.

2.1 An example of a circuit element producing frequency txranslation has been dealt with
already in Paper No. 6 of this book under the section on Amplitude Distortion. In
that section it was shown that when an alternating voltage is applied to the none
linear, or curved, portion of the characteristic curve of a valve, the anode
current contains not only the original frequency applied but also harmonics of that
frequency which, in an amplifier, are distortion products. This is an example of
frequency translation, as the applied voice frequency is translated upwards to
frequencies equal to twice, three times, and so on, that applied to the amplifier.

2.2 As a modulator, the principle of applying the voice frequency band alone to a non-
linear circuit is not suitable. If the voice frequency band from a telephone is
applied to such a device, the frequencies present will be -
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200 to 3,000 c¢/s = the original Voice Frequency band.
LOO to 6,000 ¢/s - twice the original Voice Frequency band.
600 to 9,000 ¢/s - three times the original V.F. band, and so on.

Here, the band of voice frequencies is 2,800 c¢/s wide, whereas the first translation
products are contained in a band 6,000 = 400 = 5,600 c/s wide., Besides this band
being twice as wide as the original band, it is not possible to translate this band
down to the original voice frequency band again.

2,3 The principle used is to apply the voice frequency band to a non~linear circuit
element with a cerrier frequency, the resultant output containing bands of free
quencies which are of exactly the same width as the original voice frequency band
which can be quite simply translated back to that band again.

2.4 If a carrier frequency voltage of 10 kc/s and volce frequency voltages in the band
200 to 3,000 ¢/s are simultaneously applied to the non~linear portion of a valve
characteristic, or to any non=linear circuit element for that matter, the output
current will contain the following frequencies =

fy, this being the band 200 to 3,000 c¢/s in this case.
fe, the carrier frequency of 10 ke/s.

2fy, this being the band 400 to 6,000 ¢/8 and containing second harmonics
of the voice fregquencies.

2f¢, this being 20 ko/s, the second harmonic of the carrier frequency.
fo + £y, this being the upper sideband, 10.2 to 13 ke/s in this case.
fo - fv, this being the lower sideband, 7 to 9.8 kc/s in this case,

2.5 This principle is used in the modulators of all carrier systems, so that it can be
said that the process of modulation, as applied to carrier telephone systems, consists
of the simultaneous application of the voice frequency band and a sudtable carrier
frequency to a nonelinear circuit element. The action of this element produces new
frequencies amongst which are the upper and lower sidebands, one of these bands being
the frequency range to which it was originally desired to translate the voice fre~
quency band.

3. CIRCUIT ELEMENTS USED IN MODULATORS.

3.1 From what has been dealt with above it will be seen that the circuit elements employed
in modulators must have a nonelinear response. Suitable elements are thermionic
valves (suitebly operated) and metal type rectifiers.

3.2 Pig. 1 shows the characteristic curves of these elements.

From Fig, 1 it will be seen that the upper and lower bends of the anode current

versus grid voltage curve could be used for modulation. In practice, only the lower
bend is used. Similarly, the nonelinear grid current versus grid voltage curve could
be used as it is in the modulators of S.T.C., programme carrier systems. When metal
rectifiers are used, as they are in all modern carrier systems, the nonelinear
characteristic of such rectifiers can be used. The modulation products from a metal
rectifier modulator seem to be brought about by a number of different actions, so that
metal rectifier modulators will be explained along different lines to valve modulators.

/Fig. 1.
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FIG., 1. CHARACTERISTIC CURVES.

4, MODULATORS EMPLOYING THERMIONIC VALVES.

k.1 The simplest form of valve modulator employs a single valve, as shown in Fig. 2.

la

e

QUTPUT

l————

CARRIER
VOLTAGE

<
':i:‘

BIAS !

FIG. 2. SINGLE VALVE MODULATOR.

In these modulators, the grid is biased into the lower bend and the carrier and
modulating voice voltages are applied in series across the grid and cathode. The
alternating voltage applied to the grid, which is the vector sum of the carrier and
audio voltages, should not drive the grid beyond anode current cut-off or into the
linear part of the characteristic. This means that the anode current will contain
the frequencies listed on page 2 of this Paper. To eliminate all products of
modulation except the sideband required for transmission, a band-pass filter
designed to pass only the required sideband frequencies and reject all others is
connected in the output of the modulator.

k.2 In the circuit of Fig. 2, the carrier frequency is suppressed by the band~pass

filter following the modulator. This places rather severe demands on the filter,
which can be more easily understood by considering the frequencies listed on page
2, There it will be seen that the lowest frequency of the upper sideband and the
highest frequency of the lower sideband lie only 200 c/s away from the carrier
frequency. This means that the bande-pass filter of Fig. 2 has to pass all the
frequencies in the sideband selected for transmission and reject the carrier fre~
quency, which is only 200 c/s outside of the pass band. The filter will have to
be carefully designed to do thise. In practice, the filter design is simplified
by using a pushepull arrangement which eliminates the carrier in the windings of
the output transformer, just as even harmonics are eliminated in the Wlndl]’l;s aof
the
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the output transformer of a push=pull amplifier.

The circuit arrangements of such a modulator are shown in Fig, 3, from which it will be
seen that, as far as audio frequencies are concerned, the arrangement acts as a push-
pull amplifier,

P>
B.P N ouTpur
AUDIO LTER
INPUT |l ll
CARRIER ==

FIG. 3. BALANCED VALVE MODULATOR.

Insofar as the carrier frequency is concerned, this is applied to the grids of the two
valves in phase so that the grids of these valves are excited by equal in-phase
carrier voltages, causing the anode currents in the two primary windings of the output
transformer to rise and fall by equal amounts in phase. This means that there will
be no resultant flux in the transformer core at the carrier frequency and, therefore,
no voltage of the carrier frequency induced across the secondary winding, so that no
carrier is applied to the filter. In other words, the carrier is balanced out in

the output circuit by the pushepull action of the modulator. As the grids are biased
back into the lower bend, harmonics and sideband frequencies will be produced by each
valve, these appearing across the secondary winding to be applied to the filter for
selection.

The action is similar to that of the push-~pull amplifier dealt with in Paper No. 6.
Thus, the arrangement of Fig. 3 eliminates the carrier and even harmonics of the audio
frequency, leaving only the audio and sideband frequencies and odd harmonica of the
audio frequercy to be applied to the filter for selection.

4.3 Modulators employing the grid current versus grid voltage characteristic operate with
zzro bias, as shcvm in Fig. L.
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PIG. L. GRID CURRENT MODULATOR.

Here the modulation takes place in the grid circuit instead of the anode circuit as in
the modulators described above. The non-~linearity of the grid current versus grid
voltage characteristic produces harmonics and sum and difference products of the carrier
and auvdio frequencies in the grid current. This current flowing through the impedance
of the grid circuit produces a voltage drop acrcss that impedance, so that voltages of
the sideband frequencies are developed across that impedance and applied across the

/erid
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grid and cathode of the valve with the carrier and audio voltages. These sideband
voltages are amplified by the valve and appear in the anode circuit where the band-
pass filter selects the sideband required for transmission. To eliminate the
carrier a push=pull circuit of the type shown in Fig. 3 is used, except that no
bias is required.

5. MODULATORS EMPLOYING METAL RECTIFIERS.

5.1 In all modern carrier systems, modulation is effected by employing metal rectifier
units connected in special arrangements. Copper oxide metal rectifiers have, so
far, been the most extensively employed, but some systems are equipped with selen-
ium rectifiers. The operation of both types is similar, and the term "Metal
Rectifiers" may refer to either.

5.2 The use of metal rectifiers as modulators dispenses with the necessity to use thermi-
onic valves but, as the input levels it is permissible to apply to metal rectifier
units are somewhat restricted, they must be followed by an amplifier. This, of
course, must be a thermionic valve arrangement but, as valve modulators and demod-
ulators usually employ an amplification stage, there is no economic disadvantage in
the arrangement, The application of metal rectifiers has assisted in greatly
changing the appearance of modern carrier systems as they result in considerable
saving of space.

The main advantages of metal rectifier modulators and demodulators are -

(i) Greater stability and reliability.
(ii) Economy of space.
(iii) Reduced maintenance costs.
(iv) Where single sideband transmission is employed, a greater degree
of carrier suppression is possible than can be obtained with
modulator circuits employing thermionic valves.

5.3 There are many ways in which metal rectifiers can be connected together to act as
a modulator, and many different circuit arrangements are used in practice. All
arrangements used in practice suppress the carrier in the output, as do balanced
valve modulators, leaving mainly sideband voltages to be applied to the equipment
which follows them. The circuit arrangements used can be reduced to two main
types, one of which produces sideband voltages in the output which are twice the
amplitude of the sideband voltages produced in the output of the other type. For
the purposes of these books the two types have been designated -

(1) Balanced Modulator.
(ii) Double Balanced Modulator.

It is not proposed to describe the operation of every modulator of each type but
to describe the operation of one of each, leaving the student to apply the
principles used in the examination done here to other modulator circuits as they
are encountered in the Course.

5.4 Fig. 5a shows the circuit of a typical balanced modulator, whilst Figs. 5b to 5j
illustrate the operating principles. Figs. 5b and 5c show the operation of the
circuit when the carrier voltage alone is applied. The rectifiers are conducting
to the positive halfecycles of carrier, as shown in Fig. 5b, and blocking to the
negative half-cycles as shown in Fig. 5c. Thus, only positive half-cycles of
carrier current flow through X and Y, the two primary windings of the output
transformer. These positive halfecycles, shown in Fig, 54, flow through X and Y
similtaneously and in opposite directions, and are equal in amplitude. They
produce equal and opposite fluxes and, therefore, zero flux, which means that no
voltage of the carrier frequency appears across the secondary winding of the out-
put transformer. Thus, the carrier is balanced out or suppressed in the output
of this modulator, just as in the balanced valve modulator. By the same reasone
ing, the carrier voltage does not appear across the primary winding of the input
transformer, although carrier current flows through the secondary windings7 so

that
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that no carrier appears in the audio circuits.

During positive half-cycles of audio input, shown in Fig, 5e, the moduwlating audio volte
age is impressed across MRA in the conducting direction and across MRB in the blocking
direction. As the voltage across MRA is increased and that across MRB is decreased, the
positive half—cycles of carrier current flowing through MRA and X will increase in ampli-
tude, whilst those through MRB will decrease in esmplitude with the audio voltage, as
shown in Fig. 5g. During the negative halfecycles of aundio voltage, Fig. 5f, the dir-
ection of the audio voltage is reversed and the amplitude of the positive halfecycles of
carrier current flowing through MRA and X decreases, whilst the amplitude of those flowe
ing through MRB and Y increases, as shown in Fig. 5g. The difference between the cur-
rents through X and Y will be responsible for inducing a voltage across the secondary
winding of the output transformer, this difference being shown in Fig. 5h. This, then,
will be the voltage induced across the secondary winding of the output transformer,

Some idea of the frequencies contained in Fig. 5h can be obtained by drawing a zero line
through the points corresponding to onee«half of the amplitude of each halfecycle cone
tained in Fig. 5h, as is done there. When this zero line is straightened out, the
result is Fig. 5J. This is not unlike the resultant which would be obtained by adding
together the two sidebands of Fig. 5, Paper No. 2. In fact, a mathematicel analysis or
a practical experiment would show that the output of Fig. 5a above contains the upper
and lower sidebards, the modulating voice frequency and harmonics introduced by the
halfewave rectifying action of the rectifiers,
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FIG. 5. OPERATION OF BALANCED MODULATOR.
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5.5 Fig. 6 shows the circuit and operating principles of a double balanced modulator extense
ively used in carrier telephone systems.
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FIG, 6. OPERATION OF DOUBLE BALANCED MODULATOR.

A little consideration will show that rectifiers MRA and MRB produce exactly the same
result as they did in Fig. 5, and that rectifier MRC behaves as does MRA for the
positive halfecycles of the carrier, whilst MRD behaves as does MRB, the negative and
positive directions being those indicated in Fig. 5. The current through each
primary winding of the output transformer, therefore, will conteain full cycles instead
of halfecycles, as indicated in Fig. 6b. The difference between these currents,
Fig. 6¢, is responsible for the flux which induces the voltage across the secondary
winding of the output transformer, and this voltage again contains mainly sidebands
as shown in Fig. 6c., The difference between Figs, 5 and 6 is that the sideband
voltage output from Fig. 6 is about double that output from Fig. 5, as can be seen
from a comparison of Figs. 5h and 6c.  Thus, the output of the double balanced
modulator contains sideband frequencies mainly, together with other frequencies which
can be readily filtered. It should be noted that the modulating frequency, as well
as the carrier frequency, is suppressed.

5.6 It is important that the amplitude of the carrier voltage applied to a modulator of
the metal rectifier type be always greater than that of the modulating audio voltage.
The reason for this can be seen from Fig. 5. If the amplitude of the positive half=
cycle of audio voltage in Fig. 5e is greater than that of the carrier voltage,
rectifier MRB becomes blocking to the carrier and no carrier current flows through it
and, therefore, none flows through winding Y. Besides unbalancing the modulator and
permitting carrier to appear in the output, the modulation will be distorted and
intelligibility impaired, if not ruined.

6
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6. DEMODULATION,

6.1 As discussed in Paper No. 2, demodulation is a similar process to modulation except
that in modulation an audio and a carrier frequency are used whilst in demodulation
a sideband and a carrier frequency are used, Thus, the circuit arrangements dis=
cussed above are suitable for use as either modulators or demodulators.

7. INTERMODULATION.

7.1 Modulation of one wave by another is always produced when the waves pass together
through non~linear apparatus the output of which is not strictly proportional to
the input. Examples of non=linear apparatus are valves, networks incorporating
metal rectifiers and magnetic cored chokes and transformers. Magnetic hysteresis
modulation (being of poor quality and efficiency) is not used for intentional modu-
lation, but it often gives rise to trouble by producing unwanted modulation.

7.2 In transmitting and receiving amplifiers used in multiechannel carrier systems where
a number of conversations is amplified simultaneously, special care is necessary to
avoid interference between each conversation due to unwanted modulation taking
place as a result of the nonelinearity of the valve elements.

7.3 The intermodulation produced by the non-linearity of amplifier valves was one of the
main reasons for limiting the number of channels on carrier telephone systems to
three.

When a large number of channels was simultaneously amplified, some of the inter-
channel modulation products were in the range of other channels. For example, the
intermodulation products produced by the sideband frequencies of channels 41 and 6
might fall within the bands of sideband frequencies occupied by channels 3 and 9,
causing noise and crosstalk to be produced between the four channels. The advent
of negative feedback with its reduction of non-~linear distortion largely eliminat-
ed this inter-channel interference and made a greater number of channels possible
in a single system.

8. VOLTAGE LIMITERS.

8.1 The characteristics of metal rectifiers used as modulators and demodulators require
that the voice input voltage shall be low in comparison with the applied carrier
voltage. It is usual, therefore, to precede metal rectifier modulators by a volte
age limiter (sometimes termed "volume limiter") whose function is to keep the audio
voltage input to the modulator from exceeding a predetermined value regardless of
the level delivered by the subscriber.

One method of complying with these requirements is to make use of the characterist-
ics of a special neon lamp which is connected across the secondary of the modulator

input transformer.

At amplitudes below those at which limiting takes place the neon lamp produces negli-
gible loss in the speech circuit. If the voltage during either a positive or a
negative halfecycle of speech rises above the permissible limit the neon lamp
"strikes" and produces a shunting effect across the input to the modulator, thus
preventing overloading. The effect of this limitation of speech power on articu-
lation is negligible, and the flashing over of the limiter cannot be detected by

the subscriber.

/Another
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Another method of achieving voltage limitation is the employment of metal rectifier
elements themselves, and the circuit arrangements are shown in Fig. 7.

AUDIO MODULATOR
INPUT ‘ INPUT

FIG. 7. VOLTAGE LIMITER.

The rectifier is normally biased to a potential which makes its impedance high, so
that normally the shunt loss on transmission is negligible. If speech voltage
(after transformation) exceeds the bias potential the impedance falls to a very

low value and produces a shunting effect across the modulator input, thus prevent-
ing overloading.

The use of voltage limiters is not confined entirely to modulators. Voltage limit-~
ers can also be usefully employed in preventing overloading of amplifiers and
oscillators.

9. BEAT FREQUENCY OSCILLATORS.

9.1 It is frequently necessary to have a variable frequency oscillator for testing
purposes. For example, for voice frequency testing an oscillator is required
which must be capable of developing any frequency in the voice frequency range 200
to 3,000 ¢/s. The oscillator used is usually of the "beat frequency" type and
contains two oscillatcrs, one developing a fixed frequency and the other develop-
ing a variable frequency. The two frequencies are applied to a modulator where
sun and difference frequencies are produced. A filter then selects the difference
frequency, the frequency of the fixed and variable frequency oscillators being
such that this difference frequency is always the frequency required.

9.2 Fig. 8 illustrates the principle.

FIXED
FREQUENCY
OSCILLATOR

——— OQUTPUT

MODULATOR L.P.FILTER

VARIABLE
FREQUENCY
OSCILLATOR

FIG. 8. PRINCIPLE OF BEAT FREQUENCY OSCILLATOR.

The frequency developed by the variable frequency oscillator is varied by having
a variable condenser as the tuning condenser, the scale of that condenser being
graduated in c/s or kc/s, depending on the range of the whole oscillator. By this
means, if a frequency of 1,000 ¢/s is required the operator merely adjusts the tun-
ing condenser of the variable frequency oscillator to 1,000 c¢/s, which fixes the
resonant frequency of the tuned circuit in that oscillator 1,000 c¢/s above or
below (generally below) that of the fixed frequency oscillator. On being applied
to the modulator, these two frequencies will produce, amongst other frequencies, a
difference frequency of 1,000 c/s, which is passed by the low-pass filter./

9.3
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9.3 The reason for emplo&ing this principle is that a single oscillator capable of being

tuned over a wide range would require several sets of adjustable tuned circuits to
cover the wide range. The design and operation of the oscillator are considerably
simplified by the procedure outlined above. For example, with a fixed frequency
oscillator of 650 kc/s a variable frequency oscillator capable of being tuned from
500 to 650 kc/s only is required to cover the band 0-150 kc/s. This represents a
narrow band capable of being provided comparatively simply, as compared with a cire
cuit capable of being tuned from O to 150 ke/s.

10. TEST QUESTIONS. ‘

1e

28

What is meant by modulation as applied to a carrier telephone system?

Explain, in general terms only, how modulation is achieved in carrier telephone
systems.

What is the advantage of suppressing the carrier in a modulator?  Describe how this
is achieved in a valve modulator.

Explain, in general terms only and with the aid of sketches, the operation of a
balanced modulator employing metal type rectifiers.

What is the difference between the output of a balanced modulator and a double
balanced modulator (metsl rectifier types)?

Why is a voltage limiter necessary when metal rectifiiers are used as modulators?
Explain how a limiter employing metal rectifiers functions.

Explain, with a block schematiec circuit, the operation of a Beat Frequency Oscillator.

END OF PAPER.
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1. INTRODUCTION.

1.1 Basic differences exist in the design of power plant suitable to operate Long Line
Equipment as compared with power plant associated with normal Telephone Equipment.

The power plant arrangements employed in telephone equipment practice are probably
familiar, and a brief comparison of the different conditions of employment will
serve to illusirate the nsture of the problem affecting design and choice of plant
suitable for long line equipment. In telephone equipment practice, continuous
floating is adopted wherever practicable. The emergency condition of power mains
failure is provided for by employing batteries of sufficient capacity to meet the
load requirements for the busiest 12 hours' traffic. The exchange load varies
considerably from hour to hour, and the permissible voltage variation is ususally
of the order of £ &&. In large exchanges duplicate batteries are generally
employed, and end cells or carbon pile regulators are employed to keep the voltage
variations within permissible limits.

As in telephone equipment practice, so in long line equipment practice cortinuity
of the power supplies is of primary importance, as a failure at any station on a
main trunk route obviously affects all repeater or carrier circuits working
through the station concerned.

A point of difference, as compared with exchange equipment, is that the long line
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equipment drains are, in general, reasonably constant over the full 24 hours, the
only variations being those due to voice frequency telegraph circuits and the
occasional use of testing equipment. Another point is that the permissible voltage
variations of the supplies are more stringent than in the exchange practice, and it
is generally desirable to keep them within approximately 1% of their normal value
in order that variations in valve characteristics, which result from variation in
supply volts, will not cause serious alteration in circuit performance.

2, BATTERY SUPPLIES.

2.1 Typical power supplies required for the operation of long line equipment are -

Battery Voltage Used For Regulation
Filament or Heater Battery. 2 - Filament heating and Regulated to 24 £ 0.25
miscellaneous relay volts for filament cir-
circuits. cuits., Unregulated
for miscellsneous cir-
cuits.
Normal anode or Plate Battery. 130 + Anode potential Regulated to 130 £ 2
volts.
Special Anode or Plate Battery. ; 200 + Anode potential Regulated to 200 £ 2.5
volts.
Telegraph Batteries. 2130 + Send and receive 130 ¥ 2 volts.
130 = loops telegraph
systems,
Alternative Telegraph Batteries.| (120 + Send and receive 120 ¥ 2 volts.
120 - loops telegraph
asystems.

2,2 A 200 volt, or greater, anode potential is seldom used for cerrier equipment. The
question of the advantages to be obtained (particularly amplifier gains) by employ=-
ing anode voltages in exceass of the standard 130 volt potential is often debated,
more particularly when commercial type radio valves are used. It is true that
these valves are operated to greater advantage with anode voltages of approximately
200=250 volts. However, because of the large quantities of equipment designed for
an anode voltage of 130 volts already installed, it is likely that this voltage will
be used for some considerable time. Therefore, although some advantages are
possible by use of higher anode voltages, the economic aspect justifies the reten-~
tion of 130 volt standards. Special valves have been developed, therefore, to
give satisfactory voltage amplification or adequate power handling capacity with low
anode volts.

In equipment designed in recent years, some slight improvement in amplification and
power handling capacity has been achieved by using 154 volts on the anode, this
being obtained by returning the 130 volt battery to earth via the 24 volt filament
battery. An example is the employment of the W.E. 310 and 311 A (regulated
supplies) or their equivalent - W.E. 328 and 329 A (unregulated supplies) - ag voltw
age and power amplifiers, respectively, in Type J, K, CS and CU carrier equipment.

VT
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3. TYPES OF POWER PLANT.

5.1 The general long line equipment power plant arrangements may be divided into two main
classes -

(a) Where reliable commercisl mains power supply (alternating current
or direct current) is available.

(b) Where commercisl mains power supply is not available.

3.2 (a) Where reliable commercial power supplies are available, it is usual to provide
for the use of regulated float operation employing duplicate batteries. Such
factors as reliability and constancy of commercial supplies, space available
in existing buildings and maintenance requirements tend to affect the choice
of plant adopted. The following details indicate the arrangements usually

used -
Staffing Power Plant Installed
Arrangements
Bow Normal Working For emergency gthat is,
failure of mains supply)
Continuously Duplicate motor generator Hand started petrol or diesel
attended. sets and floating bat- engine alternator to replace
teries. mains supply or, alternatively,
engine arranged to drive the
motor generator set for
floating purposes.
Unattended at night As above. As above, but engine arranged
and week-ends, to start automatically.
Unattended except Rectifiiers and floating Automatic change~over to separate
for periodical batteries. batteries having sufficient
maintenance visits. capacity to meintain service
for 24 hours.

Note. The introduction of selenium rectifiers, with resultant increased outputs
consistent with reasonable size and cost of rectifier elements, is tend-
ing to offset the advantages of motor generator sets for continuously
attended stations, the reduced maintenance being a decisive factor.

3.3 (b) When long line repeater stations are established in remote areas, a commercial
meins supply is seldom available and the charge=discharge method of battery
working is used. In general, such stations are attended on week days but not
at nights or week-ends. Arrangements in general use are as follows =

/Staffing
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Staffing
Arrangements

Power Plant Installed.

For Normal Working

For Emergency (that is, fail-
ure of normal charging plant)

Unattended at nights
and weeke~ends.

Hand started petrol ar diesel
engine direct coupled to 24
and 130 volt generators -
duplicate batteries on charge-
discharge operation.

Duplicate engine set or wind
driven generators.

Unattended. Automatically started petrol Duplicate engine alternatar
or diesel alternator set sets automatically switched
operating 24 and 130 volt in circuit on failure of
rectifiers ~ duplicate bat- other set.
teries on charge~discharge
operation.

Note. Each of the two batteries for both 24 and 130 volt supplies has

sufficient capacity for at least 24 hours' operation.

L. FLOATING BATTERIES.

4.1 As mentioned previously, when reliable commercial supply mains are available it is
usual to provide duplicate batteries and employ a floating procedure. In such &
procedure the charging source is continuously across the battery being used, so that
this charging source (for example, motor-generator set or rectifier unit) supplies
the power to the load, the battery acting mainly as a fully charged stand-by in the
event of a mains supply failure.

4.2 The floating procedure replaced a charge~discharge procedure.
scheme, duplicate batteries, designated No. 1 and No. 2, are provided. Whilst No.
1 battery, fully charged, provides the power for the load for a predetermined period
(usually 24 hours), No. 2 battery, which has been discharged by supplying the load
for the previous 24 hours, is being charged.
two batteries with a capacity sufficient to cover the requirements for a 24 hour
period are necessary.
of 10 hours a motor generator set or rectifier unit with a large output is required,
that is, the battery plant and its associated power supply is, in general, fairly
large. At stations which are unattended over week-ends it is necessary far each
battery to supply the load for 48 hours, thus further increasing the size of the
battery and its associated power plant.

In the charge-~discharge

The disadvantage of this scheme is that

Also, to charge either of these batteries in the usual period

L.3 By adopting the floating procedure an extensive reduction in the size of the batteries

and their associated power plant is brought about.
able, the capacity and, therefore, the size of the batteries are reduced by half.

When no emergency plant is avail-

This is because when either battery is in use the charging source is connected across

it and that source, and not the battery, supplies the load.

of each battery is available in the event of an emergency. When emergency charging

Thus, the full capacity

sources are available, the batteries have to supply the load only for the time between

the supply mains failing and the emergency source being started.

The advantages of floating, as compared with a charge~discharge procedure, can be
summarised as follows -

/(1)
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(i) Smaller size batteries with consequent reduction in initial cost and
floor space.

(u) Longer life of batteries owing to the elimination of strain on the
plates which occur due to the plates changing shape over the charge-
discharge cycle.

(iii) Reduction in sediment deposition for the same reason as in (ii) above.

(iv) Retention of the full rated capacity of the battery throughout its
working life.

5. GENERATOR RIFPLE.

5.1 The introduction of regulated floating operation has created one difficulty which is
not present with the chargeedischarge method of working, namely, the introduction
of audio frequency ripple from the generators or rectifiers to the equipment bus-
bars. This condition is a particularly serious one so far as long line equipment
in general, and filament supply in particular, are concerned. The filament
battery is widely used for the derivation of grid bias, and any ripple superimposed
on this supply, therefore, will be amplified and result in noisy circuits. The
elimination of ripple, therefore, forms an important part of specifications for
floating type generators and rectifiers. It is invariably necessary to employ
smoothing circuits, consisting of choke coils and electrolytic condensers, in
association with such charging equipment in order to reduce ripple voltages to
the specified limits.

5,2 The permissible limits of ripple from generators are specif'ied as follows =

(a) Noise measured across the generator terminals without smoothing equipment
must not exceed that noise equivalent to 2 millivolts R.M.S. at 800 /s
r direct current volt generated at full load current.
The above values are specified in order to ensure that generators having
reasonably small noise content are obtained, )

(b) Values covering the limits of noise not to be exceeded at the busbers in
the long line equipment room are =

35 Volt Generators. When floating across the filament battery via the
smoothing circuit, the noise measured at the busbars in the repeater room
must not exceed that equivalent to 0.5 millivolt R.M.S. at 800 ¢/ at any
value of current from quarter to full loed.

180 Volt Generators. Similar to above, except that the noise measured
mist not exceed that equivalent to 5 millivolts (recently reduced from
7 millivolts) R.M.S. at 800 c/s.

5.3 It should be appreciated that the ripple superimposed upon the load at the equipment
busbars is that developed across the battery, assuming the drop in the leads to be
negligible between the power board and the load. The equivalent circuit is shown

in Fig. 1.

[Pig. 1.
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X INDICATES POSITION OF POWER BOARD
FIG. 1. POWER CIRCUIT FOR LONG LINE EQUIPMENT,

The impedance of the battery circuit must be kept as low as possible and, in view of
this, the layout of the plant is arranged so that the shortest possible route is ob~
tained for the cables between the power board and the battery. The impedance is re-
duced further by arranging each battery in two halves, thereby forming a "loop" with
a resultant reduction of battery circuit inductance to a minimm. The reduction of
inductance is impartant since it has been found by test that the alternating current
impedance of a secondary cell battery has an inductive reactance which, at 800 c¢/s,
is comparable to its effective resistance. This inductive reactance is between 10
to 20 microhenrys at 1,000 c¢/8 measured with an Owen Bridge. The reactance of a 20
microhenry inductor at 800 ¢/s is 0.1 ohm, and this value may be taken as represent-
ing the impedance of a standard battery installation at this frequency.

5.4 Generators having a low frequency ripple are most likely to fulfil the required noise
conditions. A low frequency ripple is also preferable to high frequency ripple due
to the fact that the ear is considerably less sensitive to low frequency notes than
to those of approximstely 1,000 c/s of equal smplitude. This is illustrated by
reference to the weighting curve (Fig. 2) in which all frequencies are weighted to
the corresponding interference value at 800 c/z.
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FIG. 2., WEIGHTING FACTOR.




LONG LINE EQUIPMENT I. ' PAPER NO. 9.
““PIGE . <

The "weighted" wvalues indicate the amount of disturbance caused at different fre-
quencies relative to that at 800 c¢/s for equal velues of disturbing voltage, for
exemple, the disturbance at 200 ¢/s would be only 0.1 of that at 800 c/s.

6. AUTOMATIC VOLTAGE REGULATION,

6.1 The most important requirement to emsure the success of a continuous float battery
scheme is the application of a constant voltage from the floating generator or
rectifier. This permite the battery to be kept in a satisfactory condition and,
at the same time, provides a steady voltage for the discharge circuit. The usual
hand regulation is inadequate to cope with momentary changes in output current,
and same sutomatic device must be employed for the purpose.

Two types of automatic voltage regulators in use are Carbon Pile Voltage Regulators
and Vibrating Contact Regulators. Other methods, such as Diverter Pole Generators
and Contact Voltmeters operating regulating resistors via reversible motars, are
under consideration. In addition, there are many types of Regulated Rectifiers
aveilable using "saturated choke coil phaseshift control” and, with the development
of the Thyratron type of thermionic valve, many types of regulated rectifier cir-
cuits, making use of the special properties of this type of valve, have been
developed.

6.2 Carbon Pile Automatic Voltage Regulator (see also Telephony V). The application
of this type of regulator is shown schematically in Fig. 3.

§

MAIN
MAIN SERIES

TO 24 VOLTS .
A BATTERY ?
24 VOLT
FILAMENT
poa b
EXCITING
REGULATOR -——— “tooiorsuor
REGULATOR

A g - -

DIAGRAMMATIC CIRCUIT OF USE OF CARBON PILE. AUTOMATIC VOLTAGE REGULATORS.

(Note. In the case of the pilot regulator, an increase of current through its
exciting ooil will cause a decompression of its carbon pile, with a resulting
increase of resistance. The reverse is the case in the main regulator.)

FIG. 3.

The operation of this type of regulator depends upon the property of carbon to
change in resistance with a change in mechanical pressure. The main regulator cones
sists of a pile of carbon discs, the mechanical compression of which is controlled
by the position of an srmature rotating between the poles of an electromagnet.

The initial compression is obtained by a spring, which has a torgue opposing that
exerted by the armature when the latter is being influenced by the field of the
electromagnet. The electromagnet is connected across that part of the circuit
where the constant voltage is required. If, due to variation in applied volts or
change in load current, the voltege at this point alters, the carrect field
strength will no longer obtain and the armature will rotate with a resulting change
in carbon pile reaistance until once agein the desired voltage exists. The arma=-
ture now comes to rest, due to the state of equilibrium existing between the forces
exerted on it. /Ususlly
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Usually, as shown in the circuit two regulators are employed, the larger being actuated
by the pilot. This is necessary when close limits of regulation are required as the
pilot regulator of lighter construction is more gensitive.

The pile of the main regulator will carry 25 amperes, and three can be connected in
parallel to give a maxdimum current carrying capacity of 75 amperes.

The overall regulation obtained is L 0.25 volt for 24 volt supplies and L 1.3 volts
for 130 volt supplies.

6.3 Vibrating Contact Regulator., A regulator of this type is shown schematically in Figs.

La and 4b. The contacts K and H are vibrated by the eccentrics which are belt driven
from the generator shaft. The contacts alternately shortecircuit and insert a resist-
ance in the field circuit of the generator. This alternate shorting and inserting of
the resistance produces an average value of field current which maintains the correct
voltage. The relative position of the shortecircuited contacts H and the resulting
value of field current are controlled by a movable core of the solenoid, which is
connected across the generator terminals. In the event of the generator voltage tend-
ing to rise, the core 1if'ts the contacts H and causes a longer break period which
results in a reduction of field current and corresponding restoration of voltage.

The reverse operation occurs on decreased generator voltage. A screw cap provides
initial adjustment of the solenoid core. A condenser prevents contact sparking.

The changeover switch provides for disconnection of regulator and also allows for

daily reversal of contact polarity to reduce contact wear.

SOLENOID
{MOVING CORE
NOT SHOWN )

CONTACTS

ECCENTRICS

CHANGE ~OVER
SRICH SOLENOID
MOVING CORE MECHANICALLY
. CONNECTED TO § CONTACTS
i
=
GH H o—
RESISTANCE ~
INFIELD | L
CIRCUIT
:L
‘ <
sccenTRicA] 1 . fikis
[
FIELD OF GEN.
I GENLARM  BATTERY |
- |
TO BATTERY ! |
(2) Diagrams of Connections. (b) Simplified Circuit of Vibrating

Contact Regulator.

FIG. 4. VIBRATING CONTACT REGULATOR.
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This regulator allows a £ 0.5 volt veriation in 24 volts and a ¥ 2 volt variation in
130 volts from a condition of no load to a condition of full load.

7. TELEGRAPH BATTERIES.,

7.1 Where carrier telegraph equipment is installed and double current working is employed,
it is necessary to provide for positive and negative current supply for the send and
receive telegraph loops.

By using 130 volt positive and negative batteries for telegraph supplies it is
practicable to employ the normal 130 volt positive anode battery for the "spacing"
supply, the "marking" supplies being obtained by installing duplicate 130 volt
negative batteries. Alternatively, separate positive and negative 120 volt
batteries are installed in duplicate for the telegraph appearatus.

7.2 The size of the telegraph installation is usually the deciding factor in the selec=-
tion of one of these methods. It is usual to employ the anode battery for positive
telegraph battery drains in small installations, but in larger installations at
intermediate stations 120 volt batteries are installed and utilised for normal
telegraph equipment as well as loop supplies.

7.3 In main centres the loop supplies are of ten derived from 120 volt positive and
negative direct current generators direct coupled to a common motor. It is
necessary that the generator impedance be very low (less than 1 ohm) to avoid inter=-
ference between circuits.

8. UNREGULATED EQUIPMENT.

8.1 Where automatic regulation equipment is not installed, the variations in supply
volts to filament circuits are offset to some extent by installing ballast lamps in
series with filament circuits.

9. WIND DRIVEN GENERATORS.

9.1 In remote locations, where conditions sre suitable, wind driven generators have been
used as a means of deriving 24 and 130 volt power supplies. The operation of the
equipment depends on the presence of wind, but experience to date indicates that most
locations in the Commonwealth are suitable in this respect, particularly as the lat-
est designed plants commence charging at wind velocities of 5«6 miles per hour and
charge at 50 rated output at wind velocities of 8«10 miles per hour. The mill is
housed in a LO ft. L-posted V-shaped steel tower, separate towers being erected for
2 and 130 volt generators. Generator maximum capacities are 35 volt=60 amperes
and 180 volt~-12 amperes.

9.2 Equipment Features.

(1) Latest pattern aero foil all steel propeller blades carried on fixed central
shaft of tempered spring steel on which they feather to the wind when governing.

(2) Governing effected by automatic device based on centrifugal force which varies
the pitch of the propeller blades to the wind and ensures reasonably constant
generator voltage.

(3) Tail fin - double fuselage type overcoming slip stream effect.
(4) Mein drive by wedge shaped belts running over a plain face pulley. This form
of drive reduces wear and overcomes alignment difficulties experienced with

former oil immersed gear driven assemblies.

(5) Special expanding brake operated from ground capable of stopping mill in
strongest gale.

/10.
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10. METAL RECTIFIERS.

10.1 Metal rectifiers in general use consist of a disc of pure copper coated on one side
with a thin layer of cuprous oxide. This lay-

OXIDE er is approximately one~thousandth of an inch
thick and is deposited on the surface of the
copper by a series of heat treatments. The
oxidised disc has the peculiar property of
conducting a current of electricity in the
direction of oxide to cogger, but not in the
opposite direction. Perhaps it would be more
correct to say that the resistance to a
passage of current in the oxide to copper
direction is very low but in the opposite
direction is very high.

A single copper oxide element is shown in

+l,‘— Fig. 5, together with the standard symbol.
m——?—& SYMBOL This Peper will cover the power applications
) of the metal rectifier. Other applications

are to be found in other Papers of Long Line
FIG. 5. COPPER-OXIDE RECTIFIER. Equipment I, II end III.

10.2 Fig. 6 shows how the resistance of a copper oxide element varies when negative and
positive voltages are applied. The vertical ordinate of the right~hand curve is
drawn on a scale approximately 200 times larger than the verticel ordinate on the
lef't to illustrate more clearly the lower bend on the curve. It may be seen
that to a pressure of 1 volt negative the resistance of the unit is spproximstely

4,000 ohms.
4800
AN .
3200 \ 16
S 2400 2 2
& 1600 s
800 4
o o
T T e Y e

FIG, 6. VOLTAGE-RESISTANCE CHARACTERISTIC CCPPER OXIDE UNIT.

10.3 Owing to the very light film of oxide and the difficulties of establishing close
contact, the power carrying capacity of rectifier discs is not very great; theree
fore, except for very light loads, series parallel groups are used. Rectifier
discs are connected in series where a high voltage is to be connected and in
parallel to increase the current carrying capacity. In practice, it is not usual
to allow an alternating voltage of more than 5 volts to be impressed across eny
single disc, so that a 24 volt application would require at least five discs in
series. If cormercial 3/l ampere discs were used this combination would give
3/l ampere from the five discs in series, and to give 3 amperes, for example, 20
discs would be required, five in series and four sets in parallel.

10.4 Large power ratings, therefore, will require a large number of copper oxlde discs
with consequent high cost. In some cases this difficulty is overcome, to some
extent, by running the rectifiers at somewhat higher ratings than the conservative
safe standard and cooling them during operation by means of a fan. y

10.5
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10.5 The mechanical assembly of a copper oxide rectifier unit, as used for power rectifica=
tion, is shown in Fig. 7.

SPACER

TN

{CKDZ

| 1 BOLT
- acriv [ || BV T
biscs / % SPRING
COOLING

LEAD FIN J INSULATOR

FIG., 7. MECHANICAL ASSEMBLY OF METAL RECTIFIER.

A number of oxidised copper discs are arranged on a spindle from which they are
insulated by a noneconducting sleeve. Lead washers are inserted between discs to
preserve intimate contact with the copper oxide, whilst metal spacing pieces and coole
ing fins are inserted alternately between discs to facilitate natural cooling of the
whole unit., The whole assembly is clamped together by nuts and washers which must
always be tight to ensure good contact. For heavier current requirements a copper
oxide rectifier has been developed in plate form. This type is usually fan cooled
and, under certain conditions, can be rated up to 20 amperes per plate.

10.6 Copper oxide rectifiers suffer a rapid decrease in the amount of current they pass in
the first three or four months of use. This deterioration is called "aging." The
decrease in initial output does not usually amount to more than 2%, however, and
this is anticipated in the initial design. The amount of aging a rectifier undergoes
is also due to the effects of temperature. For this reason, current drains in excess
of the rated output should be avoided as excess current will raise the temperature,
increase the aging and may destroy the rectifying action of the discs. The diameter
of the elements goverms the current rating and the number of plates governs the
reverse voltage which can be applied.

10.7 The system of designation adopted consists of two numbers separated by a bar, the first
indicating the number of groups in the unit and the second the number of plates in
each group. This number is followed by a suffix letter which serves to indicate the
type of disc. For example, a unit designated as 1/12A would mesn one unit consisting
of 12 "A" type discs. Normally, the ends are of opposite polarity but, in certain
cages, this is departed from and the letter N or P is added to the group number to
signify that the rectifier is assembled in such a menner that both ends are either
negative or positive.

10.8 The unit largely used in circuits is the one designated 1/12A4 and, generally, this unit
has a red disc at one end. This is the copper terminal (positive), snd the negative
battery must be connected to this terminel to obtein forward current. When carrying
a forward current of 50 milliamperes, the resistance of this unit is espproximately 4LO
ohms. With current in the opposite direction, the resistance is approximately 20,000
ohms., It should be remembered, however, that the resistance of the rectifier in-
creases as the applied potentisl decreases.

/10.9
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10.9 The maximum safe warking reverse voltage recommended by the manufacturers is 5
volts per disc, but this figure applies only to its use as a rectifier of
alternating current. Experience has indicated that where a unidirectional potene
tial is applied for long periods a safe working figure is 3 volts per element, and
circuit designers should remember that where a direct current voltage is continu-
ously applied the number of discs in the rectifier should be numerically not less
than one~third of the applied potential in volts. Metal rectifiers may be made
from combinations other than that of copper and oxide, and, as a matter of inter-
est, the junction point between any two different conductors gives some degree of
rectification when an alternating current is applied.

Another type of metal rectifier frequently used is the Selenium Rectifier which
consists of iron discs coated with selenium.

11. APPLICATIONS OF METAL RECTIFIERS.

11+.1 The metal rectifier was primarily developed to convert alternating current to
direct current, and Fig. 8 shows a circuit arrangement suitable for this conver-

sion,
(o O— l- o —_0 -
FILTER i
A.C.IN CIRCUIT T D.C. OUTPUT
O +

|

RECTIFIER

FIG, 8. SIMPLE CONVERTER USING HALF-WAVE RECTIFIER AND FILTER CIRCUIT.

Alternating current is connected to the primary winding of a transformer (see
Fig. 8) and stepped up, via the secondary winding, to the voltage required to
give the proper direct current output potential and, at the same time, compensate
for losses in the converter. The transformer also performs the function of
isolating the alternating current mains from the direct current side of the cone
verter. The transformer output is passed through a rectifying unit which trans-
forms the alternating current to pulsating direct current. The direct current
thus produced would not be satisfactory owing to the low frequency hum present
which must be eliminated by a filter circuit consisting of a series chake or
inductance and a shunt capacity, The resultant current is approximately narmal
direct current.

Metal rectifiers can be used in circuits to provide either full«wave or half.
wave rectification. As the term implies, the latter type (which is shown in
Fig., 8) makes use of only one half of the alternating current cycle, the other
half being lost. A condenser bridged across the output is discharged during the
ineffective helfecycle, thus tending to maintain the direct current.

11.2 Fullewave rectification can be obtained by connecting a number of rectif'iers in
the form of a bridge as shown in Fig. 9. This method is generally adopted with
metal rectifilers,

O~ =
A.C. INPUT T 1 +
D.C. QUTPUT
c;
=

FIG. 9. FULL-WAVE METAL RECTIFIER (BRIDGE CONNECTION).
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The action of the Bridge Rectifier may be seen from the diagram. A positive pulse
from the line transformer in the direction of the arrow passes through rectifier 4,
through the load and back to the transformer via rectifier B. This pulse is in the
copper to oxide direction in rectifiers C and D, which therefore block the current
flow. On the next half-cycle, a pulse takes place in the opposite direction and
readily passes through rectifier C (maintaining the correct polarity at the load),
through the load as before and back through rectifier D. Rectifiers A and B are
now blocking until the next reversal, when the original condition will be restored.

Where a large output is necessary from a rectifier and strict requirements of smoothe
ing are specified, the best type of rectifier is the 3-phase full-wave rectifier us—

ing copper oxide discs as shown in Fig. 10.
{ +
D.C.
OUTPUT

1
A.C.
INPUT 2

(a) A Full-wave Bridge Connected Rectifier
Three Phase Supply (Unsmoothed).

A.C. ZERO A.C.VOLTS
\\_\//W/
-DC.voLTS

D.C. ZERO
T~

(b) Voltage Wave Form - Resistance Load.

FIG. 10.

11.3 Efficiency of the Metal Rectifier Converter. Assuming the efficiency of a metal
rectifier converter to represent the ratic of the direct current watts output come
pared to the watts input measured on a wattmeter, the efficiency would be from 5
to 606 without smoothing. Whilst valve rectifiers give a higher efficiency than
this, metal rectifiers have the advantage of low maintenance and no risk of glass
breakages.

In Long Line Power supply electrical silence is important and, as more use is now
being made of mains operated equipment, strict requirements for purity of output

mist be specified. In meny cases, it is necessary to specify a total ripple voltage
in the output of the rectifier of less than 0.1%. The tendency is to specify a
certain total noise voltage to be measured with a special instrument (a2 Psophometer)
which discriminates against different frequencies according to their disturbing

effect upon the ear. Thus, a large voltage of a harmless frequency might be present
in the output but the instrument is so arranged that this does not give a large
deflection. On the other hand, disturbing frequencies, such as those in the vicinity
of 800 or 1,000 c/s, are attenuated to a lesser degree.

/Bach
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Each particular arrangement of rectifier elements is accompanied by a characteristic
ripple voltage which predominates in the output. For example, a single phase half-wave
rectifier contains mostly 50 ¢/s ripple, whereas the greatest trouble in the case of a
full-wave single phase arrangement comes from a frequency of 100 c/s. Similerly, in a
3-phase helf-wave rectifier the predominent frequency is 150 c/s, and in a full-wave
3-phase rectifier 300 c/s. Multiples of these frequencies are also more noticeable.

The presence, for example, of a 50 ¢/s note in the output of the 3-phase rectifier
would immediately indicate trouble either in the mains or the grouping of components.
Unbalenced mains would allow a 50 ¢/s note from one phase to predominate in the output
due to slightly higher amplitude than other phases, but the more likely cause would be
due to bad screening or an ineffective arrangement of transformer cores to avoid
inductive pick-ups. This trouble would be more noticeable where a separate transformer
is used for each phase,

Where only partly smoothed rectifiers are used for charging batteries and where the
currents are fairly heavy, it has been found necessary to arrange the battery leads
and the cells themselves in the form of a loop - otherwise inductive coupling tekes
place between the charging of one battery and the discherge circuits of the other
battery. This requirement is particularly necessary where high gain amplifiers are
operated from the batteries concerned.

11+.4 The Regulation of Metal Rectifier Converters. The output regulation of metal rectifiers
is not of a high order, and a comparatively wide range of output voltage must be
expected when the load is varied, say, from a quarter to full load. To overcome this
difficulty, a common practice is to connect a bleeder ballast resistance permanently
across the output of the rectifier. Some commercial rectifiers supplied with carrier
systems include special carbon pile voltage regulating devices together with an auto-
matic relay which brings in an artificial load should the normal drain dbe unexpectedly
reduced.

11.5 Voltage Doubler Circuit. An interesting application of the metal rectifier is in the
voltage doubler circuit shown in Fig. 11. This apparatus provides full-wave rectifica-
tion as well as applying double the supply voltage to the output terminals. For each

half-cycle of alternating current one of the

> two metal rectifiers is in the conducting

A direction and will permit its associated conden-

ser to be charged. When under no-load conditions,
b.C. condensers A and B charge during successive half-
m + OuUTPUT cycles, and double the supply voltage is
INPUT T obtained across the terminals. On a load being
a2 connected, during the half-cycle indicated by
FIG. 11. VOLTAGE DOUBLER CIRCUIT. the full-line arrow, condenser B discharges
through the load in series with the supply.

As the potentials of both the supply and condenser B are in the same direction the sum

of their voltages is applied to the load. During the next half-cycle condenser A dis-

charges through the load in series with the supply while condenser B is being recharged.

As the resistance of the load is increesed from infinity, the rate of discharge of the

condensers increases, and over each half-cycle the average voltage applied to the load

becomes less. Consequently the use of the voltage doubler is limited to circuits
requiring small currents, say, not greater than 150 to 200 milliamperes; because in
order to draw greater currents without causing a large decrease in voltage, large
cepacity condensers would be necessary. As it is essential that they be of the paper

or mica type they would have to be of considerable size to provide the required capacity.

This scheme has the advantage thet a high voltage is not impressed across the trans-

former winding.

A smooth output is obtained from the voltage doubler circuit and, for this reason,
voltage doubler rectifiers are used to supply anode currents to valves used in amplifi-
ers, studio equipment, etc. Fig. 12 gives a graphical representation of the ripple
waves present in different parts of two types of rectifier. The top diagram is the
conventional Full-Wave Thermionic Valve Rectifier, whilst the bottom diagram is a volt-
age doubler circuit. The relative amount of noise which would be present in the out-
puts of these rectifiers can be gauged from the amplitude shown on the wave diasgram.

/ Fig. 12.




LONG LINE EQUIPMENT I. PAPER NO. 9.

PAGE 15.
STTTY >—p— BV > o
: _ :E
S = - 1o
4;‘
.[ . 1;"
e é
SMOOTHED
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COMPARISON OF SMOOTHING REQUIREMENTS OF THERMIONIC VALVE RECTIFIER AND VOLTAGE DOUBLER.

FIG, 12.
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12, IEST QUESTIONS.

1., Bnumerate the advantages of floating batteries as compared with a charge=discharge
routine. What difficulty is created by the use of floating?

2. What is the permissible limit of noise measured at the busbars in a long line
equipment roonf?

3. Do you consider that a disturbing frequency of 200 c/s would have the same inter-
ference value as an equal voltage of 800 c/s? Give reason.

4. Explain briefly the furndamental principle of operation of the carbon pile voltage
regulator shown in Fig. 3.

5. Describe, with the aid of a diagram, the construction and operation of a copper
oxide metal rectifier.

6. (2) It is desired to use the power derived from single phase A.C. mains for the
anode supply to an amplifier. Assuming that suitable metal rectifiers and
smoothing equipment are available, draw a circuit arrangement of the mammer
in which you would arrange the components to obtain the greatest efficiency,
and describe how rectification is achieved.

(b) What would be the frequency of the predominating ripple voltage in this
particular circuit?

(c) What would you consider to be a reasonable percentage of ripple voltage?

(@) Neglecting losses in the smoothing equipment and transformer, what percentage
efficiency would you expect in the rectifier unit?

END OF PAPER.
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