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The subject of Long Line Equipment is presented in three books - 
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line considerations, and transmission measurements. 
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ELEMENTARY THEORY OF TRANSMISSION. 
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1 • INTROIDCTION. 

1.1 This subject of Long Line Communication deals with the theory and practice of provid 
ing Telephone and Telegraph Transmission and Signalling over lines (generally tnmk 
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 transw.i ts a wider 
range of frequencies over distances longer than those normally 
encountered in the local connections 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 ni th a detailed study, otherwise the different sections dealt 
~~ih may noi appear relevani. Por this reason, the two problems outlined above are 
expanded, using general terrn.s only, as follows - 

Problem ( 1). 

Earlier studies have shown that intelligible speech involves the transmission of a band 
of frequencies extending from about 200 c/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 var-Jing the number and the amplitude and phase relations of the harmonics, different 
consonant and vowel sounds are produced on the same f'undanerrta.L, To preserve intelli 
gibility, the a..~plitude a.~d phase relations present in the original speech must be main 
tained during transmssion, All telephone lines contain series inductance and resist 
ance and shunt capacitance and leakance and, with this in r.u.nd, four effects are produced 
on a band of speech frequencies transnitted 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 equipnent, so producing incorrect ar.iplitude relations at the 
equipment and L"'.lpairing intelligibility. 

(ii) The reactive elements ~entioned above produce phase angles between 
current and voltage which vary wi, th frequency, so further impairing 
intelligibility. 

( iii) 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 all frequencies, and means that the length of any type of line over 
which satisfactory transmssion is possible is limited, the limit being 
reached when the received current and voltage become too sma 11 to be 
useful. 

(iv) The preceding e~fect increases as the frequency rises, because inductive 
reactances increase whilst 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 eY .. a:-:uning how the behaviour of a line varies with frequency 
and evolving methods of correcting that varying behaviour. 

Problem (2). 

T~e 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 simul tane 
ously transmitted over the same physical circuit, suitable selective circuits directing 
each band of frequencies to its appropriate equipr.ient 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 whach only the voice frequency band is transmitted. 
The two probler:tB 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 equi.pmerrt , 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 Ill 
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 Pal~er, etc. 

2. PRIMARY CONSTANTS OF A TELEPHONE LINE. 

2. 1 Communication 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 loop 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 aver from the neutralising 
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, Capacity. 

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 I which are being prepared 'lt th_e time of 
writing. 

/rable 1. 
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Type of' Line R, Ohms L, Henry G, p1'1ho C, r1F 

100 lb. Copper Aerial 17.6 0.0039 1 0.0081 
200 lb. Copper Aerial 8.8 0.00366 1 0.0086 
300 lb. Copper Aerial 5.9 0.00355 1 0.0089 
600 lb. Copper Aerial 2.9 0.00331 1 0.0096 
10 lb. Cable 176 0.001 1 0.065 
20 lb. Cable 88 0.001 1 0.065 
40 lb. Cable 44 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 lb. copper line, 
the values being those given for this class of line in Table 1. 

Z·2 .n. 0·915mH 

tu.a. · 0086.,uF 

z.z.n. 0·91SmH 

FIG. 1. NETWORK TO SIMULATE 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 • 

• • • . 
• • • • 

& I I I I ! I • I • I • I . 
TOP I • • I . I . I I I I 
Vl!W I . I . I . I • i VIEW 

I • I • I . I ' I 

h I I I j I 
, _____ , 

• . 
OOTS AND FULL LIHe5 • M4611UIC Pll!LI> 
!ROKE.t LIIIES • l!L!CTRIC FIEU> 

FIELOO PRODUCED ABOUT LINE CONDJCTORS. 
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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. 

4. PHYSICAL CONCEPTION OF WAVE PROPAGATION ALONG 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, 

4,2 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 
£orce is transmitted at a £inite 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, 

4,4 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. 

,,H...--✓• J 12) (3 

FIG, 3, PROPAGATION OF ELECTRICAL ENERG-Y - 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 transmitted 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. 4 shows what happens in the alternating current case. In Fig. 4a, assume that the 
switch has been closed just at the instant the generator develops its maximum positive 
voltage. Under the iri.fluence 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 cti,.stance along the line, for 
example, nine miles, so that the maximum number of electrons and, therefore, maximum 
current, flows at that point. 

Cd) - 
TEmax 

•I . - 
~0 

r,Emax 
(b) •I 

I - ,.9tl4 
E1110.x 

~l:m4X 

(C) •I - - 
- - -r 

E;::o 
~18M....l 

(d> •I . - ~ 
k--27M-+I 

E=max -~-~ (e) •I -- - ... 
l+--36M--l 

PROPAGATION OF ELECTRICAL ENERGY - ALTERNATING CURRENT CASE, 

4.7 In Fig. 4c, 4d and 4e, the position for successive quarter cycle intervals of time is 
indicated. It is noted from Fig. 4e 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 left, 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 cUITent flow do not make a complete 
journey around the circuit as in the steady direct current case, but merely oscillate 
backwards and forwards about their normal position. 

4o9 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 successive 

/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 ~- 

4.10 The length of line occupied by one complete cycle of alternating current or voltage 
at the frequency applied is termed 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. 4 is purely resistive, doubling the 
applied frequency 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 travelling out f'rom 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 inf'initely 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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FIG. 5. ACTUAL IMPEDANCE VERSUS FREQUENCY CURVE. 
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6. CHARACTERISTIC IMPEDANCE. 

LONG LINE EQUIPMENT I. 

6.1 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 
kc/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 Z0, 

(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 characteristic 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 ,OOO c/s, by the network shown in Fig. 6. 

FIG. 6. NETWORK FOR ILLUSTRATrnG CHARACTERISTIC DrPEDANCE OF LINES, 

For 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 
network of resistances shown in Fig, 7. This is called an H network because of 
its configuration. 

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. 

IOOn. l000. 

Zin.- 

T SIDTION 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 Zin• 

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

100,Q 100.0, 100,n, 
o/lNtN,,o 

Zin.---. 

FIG. 9, TWO MILES OF L:JNE. 

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 ohmso 
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 
1,100 

1,000 
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FIG. 10. 

z34- 5o7 a g 
LENGTH OF LINE IN MILES. 

VARIATION OF IMPEDANCE WITH LENGTH. 

the length of a line increases, its 
impedance decreases rapidly, at 
first, but later with diminishing 
rapidity until a point is reached 
beyond which the impedance of the 
line does not change as its length 
is increased, This is shown in 
Fig. 10, which is a graph of line 
impedance versus line length using 
the figures quoted above. In the 
case chosen, the impedance did not 
change af'ter 8 miles, so that, if 
the line is made infinitely long, 
its impedance is that of 8 miles, 
that is, 458 ohms, 

6.6 From this it is seen that an 
infinitely long line has a finite 
impedance, this impedance being 
termed the Characteristic Imped 
ance of the line. 

6,7 As the shunt and series elements 
of the initial T section considered 
contain reactive components, the 

IO characteristic impedance of a line 
varies with frequency, Further, 
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 lb. Copper Aerial 
200 lb. Copper Aerial 
300 lb. Copper Aerial 
10 lb. S,Q. Cable 
20 lb, S.Q. Cable 
40 lb, S.Q. Cable 

804 
687 
647 
699 
516 
366 

{20. 3~ ohms. 
~ ohms. 
~ ohms. 
~ohms. 
~ ohms. 
\41. 7v 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 ihfinity 
leaves the infinite line unchanged in length. As an exa~ple, one mile of line cut 
from a line two miles long reduces the length of the line by 5c%, 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) • .--.. 

Zin• Zo=4S8° -- TO INFINITY 

FIG. 11. INF:INITELY 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. 

-------- 
-IMILE- - .n, Zin•Zo= 458 

~ 
TO INFINITY 

- -·--- -- - ------------------- 
FIG. 12. INFJNITELY LONG LThE MINUS ONE MILE. 

Fig. 13 shows the one-wile 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 
j_mpedance equal to its characteristic impedance. The truth of this can be proved 

/oy 



LONG LJNE EQUIPMENT I. PAPER NO. 1. 
PAGE 11. 

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. 

100,0, 

_. A 

Zl11 • 1100 -- .a. Zin •:Zos 45& 

ONE MILE OF LINE. 

FIG. 13. 

ONE MILE TERMmATED IN Z0• 

FIG. 14. 

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. 

7.3 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 li.~e 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 (lambda). 

8.2 Th.is distance is shown in Fig. 4e 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 

3;2 = 10° per mile. This value of wavelength will apply at a particular fre 

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

ing wavelength of 3~~g = 24 miles. Thus, as the frequency rises, the phase 

shift 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 Constants, Wavelengths and Velocities of Propagation 
for different types of lines calculated at 800 c/s. 

/Table 3. 
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Type of Line Wavelength Wavelength Velocity of 
Constant Propagation 

100 lb. Copper Aerial 208 Miles 1°4-41 or 0.030 165,000 miles per 
Radian second 

200 lb. Copper Aerial 220 Miles 1°39• or 0.0288 173,700 miles per 
Radian second 

10 lb. S.Q. Cable 35 Miles 10°211 or 27,700 miles per 
0.1807 Radian second 

20 lb. S.Q. Cable 50,5 Miles 7°81 or 0,1245 40,000 miles per 
Radian second 

40 lb. S.Q. Cable 69.5 Miles 5°111 or 0.0903 55,300- miles per 
Radian second 

TABLE 3, 
(From The Telephone Handbook I Poole.) 

8.5 As shovm earlier, increasing the frequency of the voltage a~plied 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. 

FIG. 15. EFFECT OF LINE CAPACITY FOR DIRECT CURRENT CASE. 
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Oapaci tances 01 , 02, 0 3 and 04 represent the wire to earth capacity distributed 
along the line. Before any current can flow in section "a" of the line, capacity 
01 1111.1.St become charged and, as this talces time, the current flow into section "a" 
is slightly delayed. Similarly, no current flows in section "b" until capacity 
02 has been charged, and so on. Thus, on the switch being closed, and with shunt 
~apacity 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 of 
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 course, if the direct current supply were replaced 
by an 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 ta.ken for the generator voltage to pass through one 
complete cycle, that is• 

Velocity of Propagation= Wavelength= Af 
1 

Frequency 

• Wavelength= Velocity 
Frequency 

Assuming that at 1 ,000 c/s the wavelength is 36 miles, the time talcen to generate 
one cycle is 1/1,000 second. The velocity of propagation at 1 ,OOO c/s, there 
fore, equals 36 ,OOO miles per second. Reverting to the previous example, the 
wavelength at 2,000 c/s was f'ound to be 24 miles. The velocity of propagation at 
2,000 c/s, therefore, equals /21+ = 48,000 miles per second. 

1 2 ,ooo 
From this, it can be seen that different frequencies travel with different veloc 
ities of propagation. 

10. TRANSMISSION MEASURING UNITS - THE DEX::IBEL 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. 

.- tmW □ 100,0~0mW □ IOO;>mW □ 100mW,.._ 

FIG, 16. CIRCUIT ELEMENTS ALTERING POWER LEVEL. 

One milliwatt of power is applied to the input of the first i tern, an amplifier, 
the output power from which is 1001000 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 ,OOO milliwatts to 100 milliwatts. The first item causes signals 
to be increased in power 100,000 fold or 1o5, the second item causes signals to 

/be 

_, 



PAPER NO. 1. 
PAGE 14. 

LONG LINE EQUIPMENT I. 

be reduced in power to 1/100th or 10-2 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 - 

75 m·,v x 100,000 x _l_ x ...2:._ = 7,500 m'.V. 
100 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 
rrNf input power is - 

75 mN x antilog (log10 100,000 + log10 l60 + log10 17) 
75 mW x antilog (5 + -2 + -1) 
75 mW x antilog 2 
75 mW X 100 
7,500 m:N. 

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 f'actor. For example, instead. of regarding the f'irst 
i tern, the amplifier, as having an amplification of 100 ,ooo, it is regarded. as having 
an a.mplifica. tion of 5, -which is the common log (that is, the log with 1 O as a base) of 
100,000. Similarly, the second. item produces a reduction of 2, which is the connnon 
log of 100, and the third i tern produces a reduction of 1 , which is the connnon log of 
10. The name given to the common log of the f'actor 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 = log1 o £ 
where P1 and P2 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 11db11 

and equal to 1/10th of a bel) is used. Thus, as there are 10 db in 1 bel - 

db = 10 log10 !; 
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 - 

Iout2 Zout or Eout2 
Zout 

/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= Z0ut, so that the ratios of the two powers reduce to the ratio 
of the squares of the two currents or the two voltages as follows - 

P1 = Iin2 Zin 

P2 = Iout2 Zout 

Iin2 Zin 
db = 10 log10 2 

Iout Zout 

As Zin= Zout 
Iin2 

then db = 10 log10-- 
2 Iout 

I 2 
= 10 log10 ('C+) 

out 

I· = 20 log10 ~ 
Iout 

Ein 
Similarly db = 20 log10 Eout 

P1 
thus db = 10 log10 - = 

P2 

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 - 

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 amoill'l.ts 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 ratio, 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 
used exclusively in Australia, Thus - 

I1 
nepers = logt?T2 /11. 
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11 • ATTENUATION AND ATTENUATION CONSTANT. 

LONG LINE EQUIPMENT I. 

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 ta.ken along a line 

at a particular instant decrease in 
amplitude due to the series and shunt 
losses, respectively. 1, 

' 

I/ 

CUl<iU!NT AND VOL TJ.GI! 
RIJ.DINGS DICRIASI J.S 
SHOWN IV DOTT!D LIN! 

11.2 An equal proportion (not an equal 
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 rnA and the lea.kance 

/ 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 rnA, that at the enu of the 

FIG, 17. third mile 1.25 rnA, 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 c/s, 
are shown in Table 4. 

Type of Line Attenuation in 
Decibel per Mile 

200 lb. Copper o.o61 
100 lb, Copper 0.106 
40 lb, S,Q, Cable 0.760 
20 lb, S.Q. Cable 1.01 
10 lb. S.Q. Cable 1.56 

TABLE 4. 
(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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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 
same standard 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. 

12.2 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 
uni ta and cons is ting of junction 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 trans:nission. 

fSdb 
Zo=600 - 

I STANDARD GRADf I 
Of LOCAL LINE TJUNS.j 

SUMCRIBER's INSTRUMEHT ( LOCAL LINE 

a 
30A 

STANDARD GRADE OF LOCAL LINE TltUISM!SSIO)I 
STANDARD GRADE OF OVl!llALL TRANSMISSION 

BCH. MN. MN. SCH. 

M.T.C. c.z. C.L. 

§)'----40 • 
l---7-Sdb ---fOdlo/--- 7·5db------l 
IMl!TROPOLITAN COUNTRY · 

C.L. C.Z. C.Z. C.L. 

IICM : IRAIICH EXCHAIIG! MN. " MAIN EXCHANGI! C.Z. = COUNTRY ZONI! Cl!NTRI 
M.T.C. : MAIN TRUNI: CENTU C.L.: COUNTRY LOCAL EXCHANGE 

FIG. 19. TYPICAL CONNECTIONS OF STANDARD OVERALL GRADE. 

12.4 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 allo·uable 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) 
a.rid from exchange to telephone (receiving loss). The sending loss is approximately 
10 db and the receiving loss is approximately 4 db, 

/rhe 
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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 ,OOO 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 shift, 
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 SECURIN; UNIFORMITY. 

14. 1 It is not always possible to have a line with exactly uniform characteristics 
right throughout its length. For example, a 200 lb. copper aerial line is used as 
a trunk line between two trunk centres. On the outskirts of the trunk centres, 
however, the aerial line usually tennina tes , the line being carried into the 
offices concerned in what is called a II trunk entrance cable." As shown earlier 
in this Paper, the characteristics of cable differ markedly from that of aerial 
wire. 

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. 

FIG. 20. TRANSFORMER CONNECTED BETWEEN AERIAL 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 
transmitted over the cable. 

/15. 



PAPER NO. 1. 
PAGE 20. 

LONG LINE EQU Il'MEN'r I. 

15. TEST QUESTIONS. 

1. List the Primary Constants o-f a transmission line and state, in general terms only, 
the e-ffects these have on the transmission o-f a band of -frequencies over the line. 

2. 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. 

3. De-fine - 

!al Attenuation Constant b Wavelength 
c Wavelength Constant, and 
d Velocity o-f Propagation. 

4, 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 o-f 600 
ohms, calculate - 

The attenuation of' the line in db , and 
The attenuation constant in db. 

(Answer: (a) 3 db, (b) 0.375 db.) 

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

(Answer: 0.2 milliwatt.) 

6. 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 al ternat 
ing voltage of 1 volt is applied to the inpu-t:? 

(Answer: 8.15 amperes.) 

7. The input impedance o-f a piece of equipment is 600 ohms and the output impedance is 
500 ohms. It is f'ound that when an alternating voltage o-f 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 • INTRDIUCTION. 

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 transmitted 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 i terns 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. MODULATION 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 ,OOO c/s. Whilst any 
speaking voice produces frequencies above 3,000 c/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 alternating currents which are 
transmitted over the line. From what has been discussed above, the line need not 
transmit any frequencies higher than 3,000 c/s insofar as communication between A and 
Bis concerned. 

A 

~- 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 c/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. 

A 

C 

II 

D 

~- ONE-WAY CARRIER CHANNEL. 

2.4 For communication between telephones C and Din 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 ,OOO c/s output from the transmitter at C into a higher frequency band, for example, 
from 10,200 c/s to 13,000 c/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 
c/s to 3~000 c/s band output f'rom the transmitter at C. This original band is then 
passed to the telephone at D to actuate the receiver there. 

2o5 One process'of translating the voice frequency band up into a higher f'requency band is 
called Amplitude Modulation because, to do this, the voice frequency currents or volt 
ages vary or m::idulate 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 f'requency band back to the voice f'requency 
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 
impressed on it by the transmitter. 
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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 conmurd.catdon in the direction D to C. Fig. 3 shows the 
arrangement, the arrows indicating the direction of operation of the modulators and 
demodulators. 

MOO. 

B 

0EMOO. 

C D 

FIG. 3, TWO-WAY CARRIER CHANNEL. 

2.8 A general idea of the wa:y 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. 

{~.JC 
TIM[ 

(a) Transmitter Modulating a Direct Current. 

QC 
,--T 
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(b) Transmitter Modulating a Carrier Current. 

~- 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, 

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

(re - 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 c/s (10 kc/s) and that the 
modulating voice frequency is 1 ,OOO c/s ( 1 kc/s). The resultant modulated carrier 
contains frequencies of 10 kc/s and 9 kc/s. In other words, the 1 kc/s modulating 

/frequency 
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frequency has been translated upwards-into 
carrier frequency and the other below it. 

n 

V 

two higher frequencies, one lying above the 
The higher frequency to which the modulat 

ing voice frequency has been trans 
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. 

10 kc/a Carrier Frequency ot Constant Amplitude. 

f\{\1\/\{\{\{\f\f\f\ {\ 
vvvvvvvvvvv 

Upper Sideband 11 kc/a. 

flJlilJ"I. (\ I\ {\ !\ {\ vvvvvvvvv 
Lower Sideband 9 kc/a. 

·, 
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\ / 

/ 
l , 

'\ 
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,, 
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\ 
' 

Amplitude Modulated Carrier. 

FIG. 5. ADDITION OF CARRIER AND SIDEBANDS. 

2.11 The amplitude of the carrier 
during modulation is the same as 
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 can-ier 
apparently does not cause its ampli 
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 
frequencies dealt with above, that 
is, a 10 kc/s carrier with a con 
stant amplitude together with a 
frequency of 11 kc/sand one of 9 
kc/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 
thousand th of a second and, there 
fore at 1 ,ooo c/s. This ad.di tion 
could be carried out on Fig. 5 by 
the student. There is justifica 
tion, both mathematically and 
graphically, for thinking of the 
amplitude rnodula ted carrier of 
Fig. 4b as containing three fre 
quencies - 

The carrier frequency (10 kc/s), 

The upper sideband frequency (11 
kc/s), and 

The lower sideband frequency (9 
kc/s). 

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

(i) The 10 kc/s carrier at a constant amplitude. 

(ii) A frequency range equal to 10 kc/s + (200 to 3,000 c/s) = 
c/s, that is, the upper sideband. 

(iii) A frequency range equal to 10 kc/s - (200 to 3,000 c/s) = 
c/s, that is, the lower sideband. 

10,200 to 13 ,ooo 

7 .ooo to 9 .soo 
jModulation 
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Modulation, therefore, translates the voice frequency band to two higher frequency 
bands, one iimnediately above the caITier 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 c/s wide. Further, as the amplitude of any fre 
quency component in the modulating voice frequency band varies, so does the 
amplitude of the corresponding frequency in the upper and lower sidebands. This 
means that as the amplitude of the 200 c/s component of the modulating range varies, 
so does that of the 9 ,800 c/s and 10,200 c/s components in the side bands, 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 is caused to amplitude modulate a carrier of the same fre 
quency as that applied to the modulator, the process will produce side bands, 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 c/s to 
9,800 c/s, the sidebands produced by this frequency range modulating a 10 kc/s 
carrier will be - 

(i) The upper sideband, 10 kc/s + (7,000 c/s to 9,800 c/s) = 17,000 c/s 
to 19,800 c/s. 

(ii) The lower sideband, 10 kc/s - (7,000 c/s to 9,800 c/s) = 200 c/s to 
3 ,OOO 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 nrust be directed to the carrier system and denied access 
to the telephones at A and B. As either sideband contains all of' the i.ntelligence 
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 called Filters. 

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

(i) 

(ii) 

A filter which will pass with little or no attenuation all frequencies 
up to 3,000 c/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. 

A filter which will pass with little or no attenuation all frequencies 
above 3,000 c/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 high-pass filters, described above, 
will be to separate the voice frequencies from the carrier frequencies 
and direct each range to the appropriate equipment. 

/(iii) 
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(iii) A f'ilter which will pass with little or no attenuation the range of 
frequencies included in the sideband selected for transmission 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. 

A 

MOI'. 

DEMOD. 

lltMOD. 

8 

D 

FILTERS REQUIRED FOR ELEMENTARY CARRIER 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 requ:ired carrier frequency. The main requirement of the oscil 
lator is a high degree of frequency stability, that is, the design mu.st 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 raise the level 
of the power in the side band selected for transmission before applying it to a 
line, this being done by means of a Transmitting Amplifier. The name "amplifier" 
suggests its f'unction, 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 demodulator. 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. 
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6 

C D 

DEMOD, REC. 
MIP. 

Mod,= Modulator, 
Oso, = Oscillator. 

Demod, = Demodulator. 
Ree. Amp. a Receiving Amplifier. 

TRANS. 
AMP. 

MOO. 

L.P. • Low-Pass Filter. 
H.P.• High-Pass Filter. 
B.P. • Band-Pase Filter. 

Trans. Amp. a Transmitting Amplifier. 

FIG, 7, MAIN ELEMENTS OF A CARRIER CHANNEL. 

6. SEPARATING OPPOSITE DIRECTIONS OF TRANSMISSION. 

6.1 An examination of the carrier term:inals 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. Assum 
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 amplifier, receiving amplifier, 
demodulator and demodulator low-pass filter at C may be 360° or some integral. 
IID..lltiple 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 modulat 
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 
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6.3 The hybrid coil is an application of the type of circuit used in local battery telephones 
to reduce stdetone. Fig, 8 shOW5 a comparison of the two circuits, Fig. 8b showing 
merely the arrangements for isolating the output of the demodulator from the input to 
the modulator. 

IIETWORK TO 
P,.t.U.HCf LIHE 
AKO l)l)TI.IIT 

PKOllf 

u 
CD"""' 01.)TJ.NT 

PHON£ 

NETWORK TO 
BALANCE LINf 
ANO Dl:IT.OIT 

PHONE 

TO LIN! AND 
D15T.1.HT PIIONE 

~• PRJNCIPLE 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. 

TOUNC 
AMO OISTJ.NT 

l'ltOtlE VIA 5Wflt>. 

~l-'HCE fOR 
LIN!: AND 

DISTANT PHONE 

'------1 MOD. 

IIAI.ANCC fOR 
TRUNJ(. LINE 

.I.ND HRMINATION 

TO TRUNK 
une VIA 

11.I'. fllTER 

FIG. Q• TERMINAL OF A BALANCED 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 
ba.Lancr .. between a long trunk line and its network, particularly if the trunk line is 
aerial. The constants of a long aerial trunk line change continual]_,, 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 Operation. 

6. 6 To eliminate the hybrid coil and the balance network on the trunk line side of a carrier 
terminal, four-wire 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. Again, the same side band 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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"(O UII~ Al4P 
013TA.l'tT e>10Nt 

VII, :lW~D. 

L.P 
RfT\/11.H PAIR 

GO PAIR 

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 djrection 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 TO TRUIIK LIii! 

TRAIIS. 
AMP. 

C 
HYBRID 

: COIL AWO 
UL. WET. 

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 side band of a 10 kc/s carrier is used for trans 
mission in the C to D direction, and the upper side band of a 15 kc/s carrier is 
used for transmission in the D to C direction. 

TO TRUNK LINE 
A 

C 
HYBRID 
COIL AIJO 
BAL. NET. 

L.P. 

FIG. 12. ELIMINATION OF lffiRID COIL BY FREQtJEi;cy DISCRIMINATION, 
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7. MULTI-CHANNEL SYSTEMS. 

LONG LINE EQUIPMENT I. 

7.1 Carrier telephollif is not limited to single-channel systems, that is, systems which 
enable another corrom.mication channel to be obtained from a physical circuit. 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 sdngl.e-channe'l systems in parallel. 

RlC. 
AMP. 

TO V.F. Cill.CUIT 

TO TRIJIHt 
Lllil 

FIG. 13. ELEMENTS OF 3-CHANNEL TERMINAL. 

It will be noticed that three high,-frequency bands are transmitted in one direction 
and three low-frequency 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 low..:frequency 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. F.EPEATERS. 

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 raise the signal power level on a line before it has fallen to a 
level comparable with that of the line noise, 

8,2 Repeaters are merely amplifiers, and, as amplifiers are unidirectional in operation, 
two amplifiers are necessary in a repeater, one to ar:iplify the power sent over the 
line in one direction and the other to ar.1plify the power sent in the opposite 
direction. Fig, 14 shows the arrange~ent of a voice frequency repeater, 

A 6 

FIG. 14, 
B-A "lv\P. 

V,F. F.EPEATER, 

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 voice frequency circuit two repeaters 
are necessary, one for the voice frequencies and the other for the carrier 
f'requencies, This arrangement is necessary as the carrier f'requencies, being 
higher, suff'er gr-eater attenuation and therefore require more amplification than 
do the voice frequencies. Fig, 15 shows the arrangement, the H.P. and L.P. 
f'il ters separating the vod.ce and carrier f'requencies, and the directional f'il ters 
in the carrier repeater separating opposite directions of transmission, 

V.f. REPU.TER 

L3 

O.R.llltR REPUTER 

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

9.1 The principle of carrier telegraphy is to interrupt an alternating current in =h 
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 aver 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 receiving circuits, the voice 
frequency signaJ. is rectified to produce a direct CUITent suitable for operating 
a telegraph relay. 

10. TEST QUESTIONS. 

1. Explain, in general terms only, the purpose of "Modulation." What type of modul.a 
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 typd? 

3. Draw a block schematic circuit of a typical single-channel carrier system and ex 
plain the purpose of each item of equipnent therein. 

4. Explain why it is necessary to separate the opposite directions of transmission at 
a carrier terminal. 

5. Explain 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 corranunication 
circuits 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 tt networks from their configuration, 
These networks may be balanced or unbalanced, as shown in Fig. 1. 

Zt 
T 

Zt 
T 

T llf.TWOR.K MU.NCEDTOP.H 

Zt 
2 

U.z 

BAUUCl!.D ?I' OR 0 

Ilfu..J_. T AND 7r SECTIONS. 
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2. CHARACTERISTIC IMPEDANCE OF NETWORKS. 

I.ONG LINE EQUIPMENT I. 

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- 
f erred to as the Iterative Impedance (to iterate means to repeat). In these books, 
this impedance is called the Characteristic Impedance and designated Z0 in order to 
be consistent with Paper No. 1 on Infinite Lines. 

3. CHARACTERISTICS OFT SECTIONS. 

3. 1 As 

- Zo 

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. 

Zz. 

T SECTION TER:.:INATED rn Zo• 

FIG. 2. 

3.2 Characteristic Impedance of T Sections. The char 
acteristic impedance of such a network is:- 

z/ 
Zo = Z1Z2 + 4 ••••••••••. •••••••••••••••(1) 

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. ~ Zt 

11- ---r T G:FW# ir 
FIG. 3. CURRENTS IN T SECTION. 

The ratio of input and output will be ~~, and is 
given by - z1 

I Z2 + 2 + Zo 
..:1 = ----,,---- ••••••••••••••••••••••• (2) 
I2 Z2 

....................... ( 3) 

4, CHARACTERISTICS OF rr SECTIOHS. 

4, 1 Characteristic Ir!!Pedance of rr Sections. In Fig. 4, Z0 is in pe.rallel with 2Z2, this . 
conbination being in series with Z1, and this combination, in turn, being in parallel 

with 2Z2. The characteristic impedance of such a 
network is given by - 

-- Zo 

TT S:EX::TION TERMINATED rn Zo. 

FIG. 4, 

.......................... ( 4) 

Z1Z2 
or Zo =--- •••••••••••••••••••••••••••••••••<5) 

ZoT 

where ZoT is the characteristic impedance of a T section, having Z1 as its series 
impedance and Z2 as its shunt impedance. 

4.2 Attenuation of TT Network. 

'~-- 
This is given by - 

1 
E' - I Zo 

I 
2.Zz 

FIG. 5. CURRENTS rn 1r SECTION. /4.3 
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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, 11 rr 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. 11 The reason for these desig 
nations is shown in Fig, 6, which is termed a "ladder" network because of its 
configuration, 

= 

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 
piece 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 
circUlllBtances which require the output 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 Pads 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 to offer a loss or attenuation which is the 
same at all frequencies. Further, the pads and attenuators usually operate be 
tween similar impedances, that is, their output and input impedances are the same, 
such networks being termed Synnnetrical Networks. Where the input and output imped 
ances of a network are unequal, the networks are termed Unsynnnetrical 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 - 

h1R2 + ~
2 

4 

produces the required impedance between which the pad must work, together with the, 
required amount of attenuation, In the above expression, R1 and R2 replace Z1 and 
Z2, respectively, of equation (1) because, as mentioned above, the pad elements 
are purely resistive, Tables are generally available where netvrorks have to be 
designed frequently, such tables simplifying the calculations, '!'able 1 is includ 
ed to indicate the accuracy required, By applying equations (1) or (4), it will 
be found that the characteristic impedances 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 rr SECTION 

Loss in Total Series Shunt Resist. Total Ser- Shunt 
db. Resist. ies Resist. Resist. 

1 69 ohms 5,208 ohms 68.6 ohms 10,440 ohms 
2 137.6 ohms 2,582 ohms 139.4 ohms 5,232 ohms 
3 205.4 ohms 1 , 703 ohms 212.5 ohms 3,505 ohms 
4 271.6 ohms 1,249 ohms 287.5 ohms 2,651 ohms 
5 336.2 ohms 987.6 ohms 364.5 ohms 2,141 ohms 

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 REACTAHCES. 

6.1 In order to understand the operation of filters, a lmowledge of how networks having 
purely reactive elements behave is 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. 

FIG. ]• 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 X2 = ~, and above that frequency the characteristic impedance is a pure 

inductive reactance. The network of Fig. 8b has a characteristic impedance which 

is a pure capacitive reactance between zero frequency and that at which X2 = ~- 
Above this frequency, the characteristic impedance is a pure resistance. 4 

/F,ig. 8. 
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(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 0£ the c=rent 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, Ba, produces a phase shift of 

0 ~ exactly 180 when the frequency is above the value at which X2 = 4. 
8. PROTOTYPE L,P. AND H,P, FILTER SECTIONS. 

8,1 Paragraphs 7.2 and 7,3 above indicate that a section of the type shown in Fig, Ba 
could be used as a low-pass filter because it produces zero attenuation between zero 

X 
frequency and that at which X2 = T 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 X2 =.?:i and 
4 

attenuates all frequencies below this. These sections are called the basic or 
protot.ype 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 is that the attenuation does not rise sufficiently sharply beyond the 

frequency at which Z2 = ~, called the "cut-off frequency" and designated fc. This 
4 

/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. 

:z ~ :r: Q J/ !:c 
~ 

~ 
"\ 

:z 
ILi 

~ 

•... 
~ 

::; 

fc 1/ 

:z: 
11' 

~ 

H.P. 

----------- 
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 varies widely 
over the pass band. This can be shown as follows for the L.P. section. 

From equation (1) - 

can be derived the equation for Fig. 8a - 

•••••••••••••••••••••••••••••••••o(7) 

An examination of equation 
w212 

because-4- is zero. 

(7) indicates that, when the frequency is zero, Z0 is4 
w212 

As the frequency is increased, however,-4- increases until, 
L at the cut-off frequency, it equals C, so that over 

this band of frequencies, the pass band for Fig. 8a, 

FREQUENCY fc 

CHARACTERISTIC IMPEDANCE 
VERSUS FREQUENCY, 

FIG, 10. 

the characteristic impedance varies between 1 and 
zero. This is shown in Fig. 10. 

By the same reasoning, the H,P. section of Fig. 8b 
will exhibit a characteristic impedance which varies 

between 1 at infinite frequency and zero at the cut 

off frequency. Such filter sections, therefore, 
could not be terminated in a single resistance as, 
if the resistance matched the characteristic imped 
ance of the section at law frequencies, there would 
be severe reflection at high frequencies, and vice 
versa. 

Included in Fig, 10 is -the curve for the character 
istic impedance for a~ section low-pass filter over its pass band, 

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

X1 
9.1 The cut-off frequency, fc, occurs in both types when X2 = 4, as previously stated. 

For the low-pass section - 

X1 = WL and X2 = J... we 

• at fc .L = ~ 'wC 4 

• '. w2LC = 4 

• ~ =..!i. 
LC 

• ,._2f 2 - ..!L 
411 . C ~- {.C 

For the high-pass section - 

1 
we at fc, wL == 4 

1 
• WL=~ 

, 
• w2 = 4LC 

················••
0••························C9) 

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/sand the high-pass filter a cut-off frequency 
of 8 kc/s. The two filters are shown in Fig. 11 a and are combined together, as 
they are in practice, in Fig. 11b, 

I.ONG LINE EQUIPMENT I. 

L.P. H.P. 

(a) 
FIG, 11. 

(b) 
BAND-PASS FILTER, 

10,2 Fig. 12 shows the attenuation versus frequency characteristics of a band-pass 
filter of the type shovm 
in Fig, 11b. The theoret 
ical curve is shown in 
full line and the actual 
values shown dotted. 

t 

.fz 

1----- _\ 
FIG. 12. 

FREQUENCY. ~ 

ATTENUATION VERSUS FREQUENCY CHARACTERISTIC, 

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 
a filter, In general, 
this does not exceed 0,5 
db , except in the neigh 
bourhood of the cut-off 

frequencies, f1 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-der-Lved" filter sections, Fig, 
13 shows such a section for a low-pass filter. 

I 

I 

~ 
I 
I 
I 

FIG. 13, 
FREQUENCY 

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 foo 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, /11,2 
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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, Z0 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, Z1 and Z2 are the series and 
shunt elements, respectively, of the prototype, and Z11 and z21 are the series 
and shunt elements, respectively, for a derived type. 

Z1 Zt z. t Z11 
2 T T T 

Zo - :zot }z,' 
FIG. 14. PROTOTYPE AND m-DERIVED SECTIONS. 

As mentioned above, the transmission bands match when the 
match, the latter being necessary to prevent reflection. 
and Z11 has been designated - 

z11 = mZ1 

Also z01 = Zo 
11.3 It is possible to obtain a value form for any value of fc and fco required (with 

which this Paper is not concerned) and, from a prototype, to design the required 
m-derived structures. This is a design problem and will not be attempted here. 

characteristic impedance 
The relation between Z1 

12. PRACTICAL FILTERS. 

12.1 

12.2 

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. 

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 (4) and (7), it is evident that the characteristic 
impedance of a prototype section L,P, filter is - 

CHARACTERISTIC IMPfDANCE L 
OF m DERIVED ww PASS FILTER . . _ 0 0 ...•..•.....•....•••.•••• ( 10) 

CUT OFF FREQUENCY 

CHARACTERISTIC IM!?EDANCE VERSUS 
FREQUENCY m-DERIVED SECTIONS. 

FIG. 15. 

J L - w"'-1"'- 
C - I+ 

Equation (10) indicates that, at zero frequency, 
the characteristic impedance of a prototype" 

section of a low-pass filter is Jf as in the 

T prototype, but at the cut-off frequency it is 
infinity because the denominator of equation 
(10) is zero at that frequency. By working out 
the characteristic impedance at all frequencies 
in the pass band for all values of m for an m 
derived "section, that is, by experimental 
mathematics, it is found that the characteristic 
impedance of an m-deri ved " section with an m of 
o.6 is substantially constant over the pass band, 
as shown in Fig. 15. /12.3 
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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~ sections, as in Fig, 16, 

m !!. 
2. 

OTHER 
SECTIONS 

OF 
221(~~~ FILTER l22t(~~ 

2Z2. m 

m TYPE m TYPE SPLIT AT MID SHUNT 

FIG. 16. ARRANGEMENT OF END SECTIONS. 

REND 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. 
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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. is developed across 
two opposite faces of the material, which is in crystalline form. When the pres 
sure is renoved, 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 materiaJ 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 thiclmess 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,rr.,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 o~posite 
faces (across which the e.m.f. is developed) being 
connected to some circuit. During the half-cycle 
when side a is positive to side b, side b will 

CRVSTAL' I l 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 al terna t 

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. 

13,4 In C: this respect, the crystal behaves as a series resonant circuit, the equivalent 
circuit being shown in Fig. 19. Lis the effective 
mechanical inductance due to the mass of the 
crystal, R is the effective resistance due to loss 
es produced by intermolecular friction as it 
vibrates, and C is the effective mechanical 
capacity due to the ela.sticity of the crystal. C1 
is the capacity between the faces of the crystal 
due to its straight condenser action. 

EQUIVALENT CIRCUIT OF CRYSTAL. 

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 
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 ratio of C1 to C is a constant 
for any given material; for quartz it is 125 to 1. 
This gives an anti-resonant frequency which is o.1$, 
higher than the resonant frequency for quartz. 

+ 

REACTANCE CURVES OF CRYSTAL. 

FIG. 20. 

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 
required. 

13.7 Fig. 21 shows a T section crystal filter with its associated reactance curve and atten 
uation curve. 
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FIG. 21. T FILTER USING CRYSTALS. 

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 fre uenc of the series arm 
infinite series reactance and at the 

resonant fre uenc of the shunt arm zero 
shunt reactance. 

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

Z4 
Z1 and Z2 + 4 are opzosite types of react- 

ance , The curve for .:.1 + Z2 can be obtained 
4 Z 

by adding half the values of the .:..1 curve of 
2 

Fig. 21 to the Z2 curve. The resultant curve 
will exhibit much the same resonant and the 
same anti-resonant frequencies as z2, and will 
exhibit a negative reactance below and a 
positive reactance above r esonance , Similarly, 
the curve for Z4 can be obtained by doubling 

z 
all values of the .'.:'..1 curve in Fig. 21. Such a 

2 
curve will display the same resonant and anti- . z 
resonant frequencies as the .;i. curve. ~ 
Thus, the pass band is near enough to between 
the resonant frequency of Z2 and the anti- 

resonant frequency of ~1• This means that the 

pass band of such a filter is only o.Bfo 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 voice frequency channel. Where 
only a very narrow band is desired (rrruch narrow 
er than the 125 to 1 ratio of C1 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" fo:rma.tion, those dealt with up to 
the present being of "ladder" fonnation. (When Tor rr 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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CHARACTERISTICS OF LATTICE FILTER usrm CRYSTALS. 

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 o.tfo 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 resistance to interfere with the sharpness of cut-off produced by the crystal, 
and, by a suitable adjustment of the shunt condenser across the crystals, pass bands 
of any desired width may be obtained within the limits permitted by the Lnduc tance , 

/14. 

-5 



PAPER NO. 3. 
PAGE 14. 

14, PARALLEL CONmX:TION OF Fll,TERS, 

LONG LINE EQUJPMENT I, 

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

14, 2 Generally speaking, all f'il ters have to work into a circuit that displays an imped 
ance which is independent of' frequency and, therefore, is resistive. As an example, 
an aerial line into which the line f'il ter group of' Fig, 13 in Paper No, 2 works is 
usually, f'or 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 is, the 
impedance of the H,P, and L,P, line filters in parallel, should be a constant re 
sistance. 

14,3 As discussed previously, a constant resistance termination is provided for a filter 
by designing a derived section with an m of 0,6, spll tting 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 achieved 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 will 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, section, 
This means that merely connecting the two 
filters in parallel, as described above, 
provides an m-derived termination for the 
group, Where the components employed in 
an m of 0,6, an adjustment can be made to 
section and the first series capacitance 

L.P. LINE 

H.P. 

L,P, AND H,P, FILTERS IN PARALLEL, 

FIG, 23, 
t.~e terminating sections do not provide 
the first series inductance of the L,P, 
of the H.P. section to achieve this, 

14, 4 When paralleling a number of band-pass filters, it is necessary to ensure that the 
impedance of each filter rises sharply outside its pass band, This is done by 
using. a suitable design of T section to terminate each filter at the end to be 
paralleled, By this means, each filter in its 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 neighbours 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 reactive 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 will correct one another, as will the in 
ductive reactance above the pass band of filter 2 and the capacitive reactance 
below the pass band of filter 3, · 

In Fig, 24, however, there is no compensating inductive reactance to correct the 
low capacitive rea.ctance immediately below the pass band of filter 1 , and no 

/compensating 
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compensating capacitive reactance to correct the low inductive reactance immediate 
ly above the pass band of filter 3. It is af'ten necessary, therefore, to connect 
an auxiliary network, called a "compensating network," across the whole filter 
group to correct these residual low reactances. 

+ 
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15. EQUALISERS. 

15.1 As mentioned in Paper No. 1, one of the factors which tend to decrease the intel 
ligibility of telephone speech is 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 at' line. Therefore, when long circuits are employed, it is frequently 
necessary to employ attenuation equalisers to correct the unequal attenuation at' 

the line. These equalisers are usually 
associated with the repeaters or arnplifi- 

TOUL LOSS OF LINE ANO EQUALISER ere which are included in the circuit at 
various points, in order to provide a 
uniform level of current at the receiv 
ing end over the frequency range errrpLoyed., 

tl I ~ The unequal attenuation of different 
g \. ~ frequencies is even more marked in un 

loaded cable circuits. 

0 FUOUtNCY 
FIG. 25. PRINCIPLE OF EQUALISER. 

all frequencies within 
25. 

15.2 Attenuation equalisers are networks 
consisting of inductances, condensers 
and resistances which are so proportioned 
and arranged that their attenuation 
frequency characteristics are complement- 
ary to the line characteristics that 
produce the distortion. In brief, the 
total loss of the line plus the loss pro 
duced by the equaliser is the same far 

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

15.3 One of the simplest types of equalisers, shown schematically in Fig. 26, is bridged 
directly across the circuit 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 
these frequencies. Accordingly, the equal 
iser circuit naturally changes the circuit 
impedance, particularly at the frequencies 

-where the equaliser is to pr<11vide a substan 
tial loss. This introduces an impedance 
irregularity of a size~le value into the 
circuit. The use at' bridged equalisers of 

this type, therefore, has de.finite limitations in practice. 

LINE 

FIG. 26. SIMPLE BRITGED EQUALISER. 

/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 in'egularity by inserting 
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 is 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 satisfactory 
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, 

I~ 
R 

(a) Wheatstone Bridge 
Circuit. 

4 

s 

X 

(b) Wheatstone Bridge in the Form of 
a "T" Network. 

FIG. 27, BRimE PRINCIPLE APPLIED TO BRrr:GED T EQUALISER. 

Now rearrange this bridge circuit 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 also be redesignated as Z11 and Z21 , respect 
ively. Then, as illustrated in Fig. 28, the bridge which was balanced when 

SB = XA is now balanced when - 

Z11Z21 = R x R or R2• 

j\vhen 
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When the bridge is balanced no current :f'lows in the impedance, P (Fig. 27a), and, :f'or purposes 
o:f' analysis, the network may be simplif'ied by removing the R resistance which replaced Pin 
Fig. 28, producing the network of Fig. 29. 

R 

R P. 

BRIWED T EQUALISER. 
FIG. 28. 

2 

REARRANGEMENT OF BRlIGED T EQUALISER. 
FIG. 29. 

Looking :f'rom the generator across terminals 1-2 of' this network, two parallel paths can be 
seen which present an input impedance Zin o:f' - 

(R + Z11) (R + Z21) 
Zin = ---------- R + Z11 + R + Z21 

= R2 + RZ11 + RZ21 + Z11Z21 

or, substituting R2 :f'or Z11Z21 - 
R(2R + Z11 + 221) Zin = _;..:._...;;;..;... = R 

2R + Z11 + Z21 

In other words, when the bridge is balanced (z11Z21 = 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, Ib (received in the output impedance before the network is insert 
ed), to the current Ia (received a:f'ter the network is inserted). Thus, the current, Ib, in 
the output be:f'ore the network is inserted will be - 

Ib = _E_ or .l.. 
R + R 2R 

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 
into the two parallel paths (Fig. 29), the current, Ia, :f'lowing in the output ( terminals 
3-4) is - 

I R + Z21 
Then~ = 2R + z11 + Z21 

or Ib = _2R_+_z..:1..:,1_+_z~2.i.1 
Ia R + Z21 

•••••••••••••••• " ••••••••••••••••••• ( 11) 

/Since 
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Since the balanced condition is being considered, where 

Z11Z21 == R2, then Z21 == L 
Z11 

Substituting this in equation (11) - 

~ == R2 + 2RZ11 + Z112 
Ia R2 + RZ11 

- R + Z11 
- R 

== 1 + Z11 
R 

LON;- LlllE EQUIPMENT I. 

This shows that, as long as the balanced condition is maintained, the loss of the network 
is determined by Z11 • 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 swmnarise, the Bridged T equaliser has a constant impe~e, as seen from both termin 
als, equal to R when Z21 is the inverse of Z11 (Z21Z11 == R·), and its overaJ.l loss 
frequency characteristic is determined by the bridged series impedance network, Z11. 

Both Z11 and Z21 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 (Z11z21 == R2), which means there must always be an inverse re 
lationship between Z11 and Z21. If Z11 is a pure inductive reactance, then Z21 must be a 
capacitive reactance. On the other hand, if Z11 is a capacitance, Z21 must be an induct 
ance, which is the reverse of the above case. If Z11 is a resistance, then Z21 will also 
be a resistance. When Z11 is a network, Z21 is a network with the same number of elements, 
but each element is the inverse of the corresponding element of Z11 as shown by the follow 
ing table - 

When Z11 is - Z21 becomes - 

Indl.lctive reactance Capacitive reactance 
Capacitive reactance Inductive reactance 
Resistance Resistance 
Series inductance Parallel capacitance 
Series capacitance Parallel inductance 
Parallel resonance Series resonance 
Series resonance Parallel resonance 

This inverse relationship is further shown in Fig. 30 where the series network, Z11, and 
its inverse shunt networ:\{, Z21, are shown at the left and right, respectively. Here, the 

advantages of using the two-digit subscript for 
Z become more evident. The first digit of the 
subscript indicates whether the element belongs 

C to the series or shunt impedance, while the 
Z2.. second digit designates the cor-responddng in 

verse elements of the two networks. Therefore, 
z21 in Fig. 30, 021 is the inverse of L11 ; C22 is 

the inverse of L12; L21 is the inverse of 011; 
and R21 is the inverse of R11• In designing a 
Bridged T equaliser for a specific use, the 
attenuation-frequency characteristic of the Z11 
network must be complementary to the attenua 

the circuit to be corrected. This is true , because the 
the Bridged T equaliser is controlled by the series im- 

Lu 

c11 Ait Ztt 
INVERSE SERIES AND SHUNT NETWORKS. 

FIG. 30. 
tion-frequency characteristic of 
loss-frequency characteristic of 
pedance network, Z11• 
As an example of the general problem involved in the design of the Z11 network, consira 
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ATTENUATION l!XjlUALISATION FOR THREE-cHANNEL 
CARRlER SYSTEM. 

a representative ~pplication of its use in a 3-channel carrier system. In this, as in 
other carrier sys'tems, separate frequency bands are employed for transmission in the two 
directions. For example, in one system, transmission in one direction occupies the fre- 

12...----~----------._ quency range from about 6 to 16 kc/s, while 
transmission in the opposite direction is in the 
range from about 18 to 28 kc/s. At the termin 
a.1s and intermediate repeater points, the entire 
frequency band used in transmitting in each 
direction, which in the 3-channel systems in 
Ql.udes three separate voice channels, is ampli 
fied by a single amplifier. The frequency bands 
transmitting in opposite directions are separat 
ed by means of so-called II directional filters. 11 

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 

L their total loss are indicated by the curves so 
2 designated. (The frequency positions of the 

three voice 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 frequency 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 straight 
horizontal line in each case. Because of the 
rising characteristic of the line, however, the 
total loss for the three lower voice channels, 
L1 , is less than that of the three higher voice 
channels, L2. This difference is 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 

IZ 1 , we , 1 f particular characteristics have been noted, it is 
possible to analyse in a general way the equaliser 
design considerations for one curve - say curve a 
of Fig. 31. Clearly, the loss-frequency character 
istic of the series impedance, Z11, should conform 
as closely as practicable with the curve a of Fig. 
31 , or with the solid line curve a of Fig. 32, which 
1s the same. As a first approach, a Z11 circuit 
made up of a single series condenser, as in a of 
Fig. 33, will give the general loss-frequency 
characteristic shown by curve b of Fig. 32. This, 

0 I I , I l'!ft l of course, is due to the fact that the current 
5 10 IS 10 through a condenser increases with frequency; con- 
FUQJJENCY 111 KILOCYLlS sequently, its loss decreases. However, it will be 

~- EQUALISER CURVES. noted that curve b diverges widely from the desired 
characteristic curve a at the higher frequencies. 

To reduce the loss at f 1 ·and thus bring the curves closer together, an inductance, L11 , 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 f1. This fails to solve the problem, 

jhowever 
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ea) 

however, because below the resonant frequency this series circuit produces a loss that 
increases with decreasing frequency, as shown by curve c of Fig, 32, Because of the 

inductance, the curve has now become too 
low over most of the frequency range but yet 
fairly close to the desired value at the two 
extremities, 

(c) 

Cu 
Zn• --n-- 

Apparently, what is needed is an inductance 
which is considerably smaller than that of' 
Lj over most of the frequency range but 
equal to it at f1, This can be simulated by 
a parallel resonant circuit which has a 
resonant frequency somewhat above f1, as 
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 , L11 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 L11 (forming a parallel resonant 
circuit), the ef'fective inductance of the parallel combination at f1 can be made equal 

r-ijj1imoRK-, to that of' L11 alone. In this way, the low 
I R I impedance ( and hence low loss) is preserved 
I oni....LII I at f1, and the loss is still increased at I ea. c:11 I lower frequencies. The net effect is the 

J......-1 I characteristic shown by curved of' Fig. 32, 
which comes very close to the desired 
characteristic, but even greater precision 
can be obtained by adding the shunt resist 
ance R11 , as shown by Fig, 33d, This shunt 
resistance R11 introduces a small increase 
in the loss over most of' the frequency 
range and modifies the characteristic as 
shown by curve e of Fig, 32, The final 

R<ourPUT series network, Z11, and its inverse, Z21, 
then take the form shown in Fig, 34, In the 
inverse network, Z21, the shunting resist 
ance, R11, becomes a series resistance, R21; 
the series condenser, 011 , becomes a shunt 

EQU&,ISER. FOR 3-cHANNEL SYSTEM. inductance, L21; while the parallel reson- 
ant circuit, C12 and Lj 1 , becomes a series 

resonant circuit, L22 and C21. The degree of perfection with which a given loss 
frequency characteristic can be matched by such an equaliser depends upon the m.nnber of' 
coils, condensers or resistances it is considered economical to use. 

FIG, 33, 

Lu Cu 
(b)Za•~f- Jn_ 
(d}Zu= 0.------- 

Lu 
EQUALISER ELEMENTS, 

3 

INPUT R 

zo • 04 
FIG, 34, 

Another general application of the Bridged T equaliser is in equalising lines for pro 
gramme transmission. The loss on these circui ta 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, al though the details of design may be somewhat different. 

16, TEST QUESTIONS. 

1. What is meant by •• 

~

al a low-pass filter, 
b a high-pass filter, and 
c a band-pass fil tar? 

2, What are the desirable characteristics of any filter'? 
3, What are the characteristics of prototype T and tr Section L.P. and H.P. filters? 
4, What is the purpose of m-derived filter sections in a composite filter'? 
5. How is an L.P. filter arranged to present a constant impedance over its pass band2 
6. What is the purpose of a compensating filter in a 3-channel carrier system? 
7. What is the purpose of an equaliser in a 3-channel carrier system? 

END OF PAPER. 
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1. INTROIXJCTION. 

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 and crosstalk, and the line practices employed to reduce them. 

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

2. INIXJCTIVE CO-ORDINATION. 

2.1 If each telephone circuit were completely isolated from all other electrical circuits, 
no potentials, 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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3.1 The potential difference between wires in neighbouring circuits and between those 
wires and the earth sets up an 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 an 
alternating voltage is applied from a generator G} and a metallic telephone circuit, 
the A and B sides of which connect two telephones, X and Y. If Dis equidistant from 
the A and B sides of the telephone circuit, and 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 via Cl and C3, and via C2 and C4, as well as to earth at the 
distant end of D, producing equal voltage drops across their reactances. Thus, point 
P will exhibit the same alternating potential as point Q, and no current from G will 
flow through the telephones X and Y, which connect these two points. 

X 

:Cc3 A 

r D I•· ·•~ 
C2 

8 

*C4 
CAPACITANCES EXISTING BE'IWEEN NEIGHBOURING LINES. 

FIG. 1. 

3.2 If, now, Dis not equidistant from the A and B sides of the telephone circuit and/or 
the A and B sides of the telephone circuit are not equidistant from the earth, then 
Cl~ C2 and/or C3 ~ C4. Unequal currents, therefore, flow from the generator G to 
earth via Cl and C3, and via C2 and C4, producing unequal voltage drops across their 
reactances. Thus, an alternating difference in potential will exist between points P 
and Q, resulting in disturbing currents flowing through the telephones at X and Y, 
which connect these two points. If Dis carrying a telephone conversation, the result 
is crosstalk which can be audible if the capacity unbalance is too large, whilst, if 
Dis a power line, the result is noise, not only et the 50 c/s fundamental frequency 
in the power circuit, but also et harmonics of this frequency, as harmonics are 
almost invariably present in any power circuit. The same condition will exist if the 
insulation resistances between D end 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 can be simplified into a bridge circuit, as shown in Fig. 2. 

At The bridge circuit is a cross section of two 

~ 

circuits, A end B being the two wires of one 
C1 C2 circuit end Al and Bl the two wires of the 

~ ~ other circuit. ' CS 

~ 

CB If the four wires are symmetrically disposed, 
B.- I A then each of the four capacities between the 

wires will be equal, these being Cl, C2, C3 and 
ft C7 ~ C4 in Fig. 2. This, however, is not a balanced 

c4 ~ T _/ C.3 condition, as the capeci ties to earth provide 
parallel capacities across the wire to wire 

81 capacities. For example, C5 and C6 are in 
parallel with Cl, C6 and C7 are in parallel 
with C4, and so on. Not only must the wire to 
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 a voltage 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 

CAPACITY BRIDGE. 

FIG. 2, 

interference results. 
/ 4. 
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4,1 The alternating current flowing through D of Fig. 1 produces an alternating flux 
which links the two sides of the telephone circuit, EA of Fig. 3 being the voltage 
induced across the A side and EB the voltage induced across the B side. 

- EA The directions indicated in 
Fig, 3 apply for one half 
cycle, being reversed during 
the other half-cycle. When 
Dis equidistant from A and 
B, then the amount of flux 
linking the A side equals 
that linking the B side, so 
that EA= EE, leaving no 
resultant voltage to send a 
disturbing current around the 
circuit and through the 

xW--f •I~ -Eo 1~ twy 
-Es 

EA: Es 
EQUAL VOLTAGES INDUCED BY MAGNETIC FIELD,- 

FIG. 3. 

telephones at X and Y. 

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

Here, the amount of flux 
linking A will be greater than 
that linking B, so that EA is 

Y greater than EB, leaving a 
resultant voltage ER to send a 
disturbing current in the 
direction indicated. During 
the other half-cycle developed 
by G, all directions are 
reversed, so that a disturbing 
alternating current of the 
same frequency as that 

developed by G will pass through the telephones X and Y. 

-t 

X 

---E~ 

UNEQUAL VOLTAGES INDUCED BY MAGNETIC FIELD. 

FIG. 4, 

5, COMBINED EFFECTS OF ELECTRIC AND MAGNETIC INTERFERENCE. 

5.1 Fig. 5 shows what can happen when the 1nterrerences caused by the electric and 
magnetic fields are considered together rather than separately, Here, again, Dis 
nearer to A than to B, Fig. 5a 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. 

( e) 

COMBINED EFFECTS OF ELECTRIC AND MAGNETIC FIELIB. 
FIG. 5, 

As Dis nearer to A than to B, Cl will be greater than C2, therefore the reactance of 
Cl will be smaller then that of C2, The voltage drop across Cl will be smaller, 
therefore, than that across C2, resulting in point P exhibiting a potential above, or 
positive to, that exhibited by point Q, for the half-cycle indicated in Fig, 5, 
Combining Figs. 5a end 5b, it will be seen that the resultant voltage due to the 
magnetic field aids the voltage due to the electric field et X, whilst opposing it 
at Y. A little consideration will show that, during the other half-cycle, the same 
conditions exist but with ell voltages reversed, · 

/ 5.2 



PAPER NO. 4. 
PAGE 4. 

LONG LINE EQ,UIPMENT I • 

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 a circuit to which a crosstalk level refers. In 
Fig. 5, the crosstalk at X is referred to as "near-end" crosstalk, beceuse 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 at Y is termed "far-end" 
crosstalk for the opposite reason. 

6. PRINCIPLES OF CROSSTALK REDUCTION IN CABLES. 

6.1 There are a number of ways of eliminating or, at least, reducing crosstalk, As 
metallic, that is, two-wire, circuits are almost exclusively used in telephone 
transmission, one method is to arrange the paralleling wires in such a configuration 
that the effect of the field of one pair will be the same at both wires of the other 
pair, and vice versa, thus leaving 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 
practical difficulties, to arrange 
aerial circuits in this manner. 
Cables, however, can be manufactured 
with each two pairs arranged as 
in Fig. 6, each two pairs being 
known as "Q,UAD". When the quads 
are arranged as in Fig. 6a, the 
cable is termed a Star Q,uad cable. 
The arrangement shown in Fig. 6b is 
closely approximated by the 

Multiple Twin cable. The Star Q,uad cable is used almost exclusively, having 
superseded the Multiple Twin type about 1935, 

OA 

GA1 

•s es 
( a) (b) 

STAR QUAD (a) AND MULTIPLE TWIN ( b) FORMATION. 
FIG. 6. 

6.3 

6.4 

In the manufacture of Star Quad cable, it is possible to restrict the capacity 
unbalances existing between the four wires of a quad to only a 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 a predetermined minimum. 

To illustrate the principle, Fig. 2 of this Paper is redrawn as Fig. 7. The 
capacities C5, C6, C7 and CS of Fig. 2 are included in the capacities w, x, y and z 
of Fig. 7. This is possible because C5 and C6 shunt Cl in Fig. 2, C6 and C7 shunt 

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

WIX II Z I y 
or w.y = x.z 

6.5 Assume, now, that in one length of a cable the 
capacities are measured and that w.y-;, x.z. This unbalance 
could be corrected by increasing x or z, and this is done 
in some cases (such as loaded cables, to be dealt with 
later). Where it is possible to connect together adjacent 
lengths of cable, the quad discussed above would be 
connected to a quad in the adjacent length whose measured 
capacities are such that w.y< x.z by an amount 
approximately equal to that by which w,y> x.z in the first 

quad. By providing balancing condensers over each predetermined length of cable in 
the case of loaded cables, the whole length of cable will exhibit zero unbalance 
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. 

CAPACITY BRIDGE. 

FIG. 7. 

The above gives merely the principle used. A later Paper deals more fully with the 
subject and with the measuring technique employed. 

/ 7. 
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7. PRINCIPLES OF CROSSTALK REIXJCTION ON AERIAL LINES. 

7.1 Because of practical difficulties, it is not possible to arrange aerial 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~ 

E1- E:,- A 

p 
B 

E~- 

PRINCIPLE OF TRANSPOSITION. 

FIG. 8. 

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

7.2 Considering the magnetic interference first, the magnetic interference produced in P 
by the A side of D will oppose that produced by the B side, because the fields 
produced by the A and B sides of D oppose. However, as the B side of Dis 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 voltages across 
the two sides of Pin the directions indicated. As the transposition is in the 
centre of P, then El= E2 and E3 = E4, and as El+ E4 acts in opposition to E3 + E2, 
then there will be zero voltage 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, an examination of Fig, 9 will show that a state of capacity 
balance exists. 

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. Equal capacities carry identical designations, for example, 
the capacity 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 and 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 effecti~e 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 a line are many times as great 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 voltages and currents coming back from the far side of the transposition are 
necessarily attenuated to a greater degree than those coming back from the near 
side. On the other hand, far-end crosstalk 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 than are those induced on the far side. 

7.7 In the second case, the phase shift along the line will mean that the line may be one 
or a number of wavelengths long at higher frequencies. Thus, not only will the 
crosstalk voltages and currents induced along the line decrease along the line due 
to attenuation, but they will also change in magnitude and direction over the 
transposition sections due to the phase shift. Thus, if one transposition section 
has a 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 equal 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 may 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 an infinite number of transpositions. Similarly, in cables, 
manufacturing and installation difficulties prevent perfectly balanced quads from 
being obtained. As described in Long Line Equipment III, unbalance measurements 
are ma-de 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 normal voltages are employed. As 
discusped 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 a circuit in 
which reflection takes place, that "is, a circuit which is incorrectly terminated or 
has any impedance irregularities, Thus, crosstalk is an added reason why circuits 
should be correctly terminated and uniform in construction, 

/ 9. 
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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 automatic telephones 
use an earthed battery for supplying transmitter battery feed current. 

9.2 Fig, lOa shows the through connection between two subscribers connected to 
different automatic exchanges connected together via a junction, together with a 
disturbing circuit D equidistant from the A and B sides of the junction. 

Fig. lOb is the equivalent circuit with Zl and Z2 replacing the repeater A relay 
windings, Z3 and Z4 replacing the final selector A and D relay windings, Zc 
replacing the calling and called parties' lines and telephones and ZA and ZB 
replacing the A and B sides of the junction respectively. Currents will now flow 

to earth via Zl, Z2, Z3, Z4, z,½ and z,i from G, as well as via C3 and C4, 

If Zl f Z2, Z3 I Z4 and z,½ ~ z¾, 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 
maintained, as well as a balance to earth. 

REPEATER "J:: FINAL iEC3 A 

-•~ IC1 D I•· -~ 
~u A 

J"UNCTION ~ ~ --=- - • 

(a) 

(b) 

MEI'ALLIC IMPEDANCES TO EARI'H 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 11Cailho11 

and "Phantom" circuits, The term "Cailho" usually refers to a derived circuit 
using an earth return, and the term "Phantom" refers to a completely metallic 
derived circuit, 

10.2 Cailho Circuits, Cailho circuits are generally 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 continually 
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 make a 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, 

TELEGRAPH 
EQUIPMENT 

.CAIIBO CIRCUIT. 
FIG, 11, 

through the two halves in opposite directions, 
neutralise to leave zero resultant flux, 

No interference between the 
telephone and telegraph circuits 
will arise, provided the 
windings of the transformers 
are accurately differential and 
the two sides of the physical 
circuit are balanced as regards 
both linear impedance and 
impedance to earth, Under this 
condition, telegraph signals 
divide equally at the centre 
point of the line windings of 
the transformers to flow 

producing equal fluxes which 

10000 

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 linear impedance or impedance to earth, the telegraph currents 
do not divide equally, Therefore, the two fluxes produced by the line windings of 
the transformers do not neutralise and interference arises between the circuits, 
because the resultant flux induces voltages across the windings of the transformers 

to which the telephones are 
connected. The unbalance may 
also cause the telephone 
circuit to interfere with the 
telegraph circuit. Under the 
balanced condition, point P 
will exhibit the same potential 
as point Q when A is speaking to 
B, or vice versa. In the 
unbalanced condition, however, 
point P will exhibit a different 
potential from point Q, so that, 
whilst speech will be practically 
unaffected because of the high 
impedance of the telegraph 
equipment, 16 cycle ringing 
current may interfere with the 
telegraph equipment. 

ir 
'T' 

TO 
TELEG. 
CCT. 

CAIIBO CONNECTIONS. 

FIG. 12, 

In some cases, it is possible to utilise existing magneto bells on a trunk line 
in order to provide suitable centre points for connecting a 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 cailho 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 accurately 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 Bare 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. 

T1f] A l]T2 PHYSICAL 1 
(SIDE CIRCUIT) 

T30 PHANTOM []T4 
TSO B (JT6 PHYSICAL Z. 

(SIDE. CIRCUIT) 

PHANTOM CIRCUIT. 

FIG. 13. 

10.4 Phantom Transpositions. As each side circuit represents one side of a phantom 
circuit, it will be necessary to transpose the side circuits of a phantom as well 
as the two wires of each side circuit. Fig. 14 shows the four types of 
transpositions necessary to meet all conditions. Fig. 14a shows a transposition 
in the phantom as well as the side circuits; Fig. 14b shows a transposition in 
the phantom and the side circuit A; Fig. 14c shows a transposition in the 
phantom and side circuit B; and Fig. 14d shows a phantom transposition only. 

A " / A 

B ( 8) B 

A A 

B B 
( C) ( d) 

PHANTOM TRANSPOSITIONS. 

FIG. 14. 
-6 
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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 a 
freouency basis can be used, because any telegraph signal can be resolved into a 
fundamental frequency determined by the signalling speed plus a 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. In order to 
ensure reasonable signal formation, the third harmonic of the fundamental must be 
passed into the telegraph equipment so that the signalling 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. 

I .:. •• 

LINE 

This cut-off frequency is about 80 c/s in a C.X. set, which fixes the upper limit at 
75 c/s, producing a fundamental frequency of 25 c/s. Therefore, the signalling 

speed over the telegraph circuit 
is limited to 50 bauds. The 
high-pass filter, therefore, has 

P a cut-off frequency of 80 c/s, in C~R~t~~ order to pass the higher frequency 
telephone signals and reject the 
lower frequency telegraph signals • 
Fig. 16 shows the arrangement of 
one terminal of a composited 
line. 

2L1F i2.,UF .,- SAA COIL 
•I 

: 80~ SAA COIL 

2}4F -r2J.IF I •.. 

5AA COrIIL _6f!F 

fc = 80~ •I 

5AA COIL •GµF 

TG OR 
SIGNAL 
LEGS 

COMPOSITE SET. 

FIG. 16, 

As the high-pass filter in the 
telephone channel will not pass 
frequencies below 80 c/s, some 
frequency other than 16 c/s is 
required for signalling over such 
circuits. The frequency used is 
135 c/s or 1,000 c/s, the 
operation of these ringing circuits 
being dealt with later. 

10.6 Combined Phantom and C.X. Circuit. In many cases, composite circuits are derived 
from the side circuits of phantom circuits, Fig. 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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FIG, 17, PHANTOM AND COMPOSITE CIRCUITS COMBINED. 

• • PHYSIC.AL C.HANNEL 
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w;]I [(Fa 
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PHANTOM CHANNEL 

~l3C:H 

I I • --- + I r 
I • ------~--• 

CARRIER CHANNELS 
FIG, 18, TELEPHONE CHANNELS, 
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11. DISTORTION PRODUCED BY LINES. 

LONG LINE EQ,UIPMENT I. 

11.1 When the various constants of a line are considered in their 
communication signal, two types of distortion are produced, 
meant any alteration in the shape of a signal passing along 
types of distortion produced are - 

(i) Frequency Distortion. As the attenuation 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 frequencies at the output will differ 
from those at the input. In other words, the line discriminates in 
favour of low frequencies and against high frequencies, 

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

effect on a complex 
By distortion is 

a line. The two 

11.2 Fig. 19 shows the effects of frequency and phase distortion on the shape of a 
signal containing a 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 ,~ 
I 
I ,. 

(a) Sending End of Line. 

RESULTANT 

I FUNDAMENTAL , . ,. ,. 
I 

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

(c) Receiving End Showing 
Phase Distortion With 

Respect to (a). 

(a) AND ( b). RELATIVE AMPLITUDES OF FUNDAMENTAL 
AND HARMONIC AT SENDING AND RECEIVING ENOO. 

(a) AND ( c) , RELATIVE PHASE RELATIONSHIP OF FUNDAMENTAL 
AND HAiiMONI C AT SENDING AND RECEIVING ENOO. 

FIG. 19, 

12. DISTORTIONLESS LINE. 

12.1 Both frequency and phase distortion are produced by the reactive nature of a line. 
If a line could be made non-reactive at all frequencies, all frequencies would 
undergo the same attenuation and travel at the same velocity, that 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-reactive, 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 inductance cannot be eliminated, so 
the method of attack is to make the effects of one neutralise 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 G so that 

tan G = ~- The effect of the shunt capacity in the shunt elements· will be to 
/ make 
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make the current lead the voltage applied to them by an angle 0 so that 

tan 0 = weRS = f, G being the shunt conductance or leakance which is the 

reciprocal of the shunt or insulation resistance, RS. This is shown in Fig. 20. 

12.4 If G = 0, there would be zero phase displacement and the line would be non-reactive. 
For G to equal 0, tan Q must equal tan 0, that is - 

wL we R G R = G or R:uC •• GwL or RC ,. LG or L - c· 
In all telephone transmission lines, B. is much greater than 2:., as the inductance 

L C 
for the lines is very small, For example, 40 lb. cable has the following primary 
constants - 

so that 

R = 
L 
G = 
C 
R r= 

44 ohms per loop mile, 
0,001 henry per loop mile, 
l x 10-6 mho.s per loop mile, and 
0,0625 x 10-6 farad per loop mile, 

G 44,000 and C = 16. 

RS 

x RS 

~c 

t 
F.u:CRS ,. weRS =-E~ 

l 
RS = G 

we tan 0 = G 
RS 

VECTOR DIAGRAMS OF SERIES AND SHUNT ELEMENTS OF LINE. 

FIG, 20, 

In order to approach this distortionless condition, that is, make B.= Q., it is 
L C 

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 "loading". 

/ 13. 
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13.1 There are two methods used in loading practice, "Continuous Loading" and "Lumped 
Loading". 

13.2 Continuous Loading. This process involves wrapping the line in a tape of some 
magnetic material. This treatment is expensive, and the amount of inductance 
which can be economically provided is small. 

13.3 Lumped Loading. This process involves introducing inductance coils at strictly 
equal 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 cont i nuous Ly distributed. This is because a lumped loaded line 
constitutes a series of low-pass 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/sand 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 required to transmit carrier frequencies or to relay broadcast 
programmes. "Carrier Loading" employs 3.5 millihenry coils at 750 feet intervals, 
producing a cut-off frequency of approximately 54 kc/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, aerial 
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 aerial 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 aerial 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. Z0 Unloaded. Z0 Loaded. 

10 lb. S,Q. Cable 366 \41°38' ohms 1085 \11°31 ohms 

20 lb, S,Q. Cable 515 \43°16' ohms 1121 \5°40' ohms 

40 lb. S.Q. Cable 683 ~ ohms 1113 \3° ohms 

TABLE 1. 

13.5 This increase in Z0 also produces the highly desirable effect of decreasing the 
attenuation. If the same power is applied to a line and its Z0 increased, the 
input current will decrease. As the power loss along the line is proportional to 
the square of the current flowing along it, and as Z0 decreases this current, then 
the power loss will become smaller as Z0 is increased, meaning that the 
attenuation is decreased. Loading 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 attenuation constant 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 lb. s.Q. Cable 1.56 db 0.803 db 10°34' 33°28' 

20 lb. s.Q. Cable 1.021 db 0.386 db 7°61 26°48' 

40 lb. s.Q. Cable 0.703 db 0.202 db 5°121 26°36' 

TABLE 2. 

13.6 Loading Coils for Phantom Circuits. Coils for phantom loading usually 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. 

~~~ 
SIDE CIRCUIT 

.,..)-----_J 
PMANTOM 

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 Half-Coil and Half-Section Terminations; When loading is introduced into a network, 
· such as metropolitan junction network, attention must be given to the conditions 
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 away a 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-value loading coils is 
necessary.) 

/ (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. □ X 6,000' X 6.000' x~x 6,000' X 6,000' X □
88 mH 88mH 4-4iaH 44mH 88111H 88mH 

(a) Half-Coil Termination. 

MAIN EX. 

(b) Half-Section Termination. 

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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1 • INTROIXJCTION. 

1.1 Thermionic valves are used in all aroplii'iers and oscillators, and as rrodul.at.cra am. 
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 transrni tter. 

1.2 In this type of transmitter the acoustical energy input is not converted into 
electrical energy - the acoustical energy input controls the amount af electrical 
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energy passing through the transmitter circuit, that electrical energy being supplied 
from a direct current 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 takes place and an auxiliary 
supply of energy to be controlled must be provided. In a thennionic valve both 
controlling and controlled energies are electrical, thus making the device fully 
electrical and extremely use:f'u.l 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 transmit 
ter and receiver, plus that of the air path between receiver diaphragm and transmit 
ter dd.aphr-agm , 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 out 
put is returned to the input in phase with the original input, as in the telephone 
case. 

1 .4 The telephone transmitter 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 '.IHEORY. 

2.1 Molecules. A molecule is the smallest particle of a substance it is possible to have 
which retains the properties of the original substance as a whole. The molecules in 
every dif'ferent kind of material, therefore, are obviously dif'ferent from all other 
molecules, and it is the nature of these molecules which govern what ro:zy material 
really is. While there are countless different kinds of molecules, these molecules, 
in themselves, are compounded from smaller particles known as a ton:s. 

2.2 ~• 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~. 
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 var-i-ous 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, making 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. fr:t• 1 /.J.' ig. • 
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HYDROGHJ ATOI.A HELIUM ATOM 

CALCIUM ATOM 

~- ELECTRONS - BASIC UNITS OF ENEEGY. 

2,3 Thennionic Emission. 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. Thlll,, the free electrons in a conductor are not quiescent 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 rNer a long 
time, for example, 1 second, which is long compared with, sa:y, the time of 1 cycle at 
10 kc/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 surface of the conductor- which is 
anal.agous 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 surface of the conductor, just as an 
increase in the temperature of a liquid will cause evaporation, The breaking 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 molecules of 
a liquid increases with an increase in temperature. 

/Rhen 
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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 positively charged with respect to the anitted electrons, and the decelerating 
force of the attraction between the positively charged conductor and the negatively 
charged electrons will gradually atop 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. 11 

2.4 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 connected 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 co:rrluctor back to the 
hot ea thode 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, depe:rrling on the distance the 
electrons have to travel through space arrl 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 
ATTRA.CTED 

HOT EMITTER 
(CATHODE) --........f.. I~ _.., '\__COLD 

AHODE 

CONVEHTIOHAL 
DIRECTION OF 
SPACE CUR.RENT l SPACE CHARGE 

OR ANODE CURRENT 

+ --~ DI RECTIOH OF 
ELECTRON$ 

SMALL CURRENT 

ELECTRON MOVEMENTS IN A VACUUM. NO ANODE POTENTIAL APPLIED. 

~- 
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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 
conventianal 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 make it more positive, then tile 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 shown in Fig. 3, 

HOT EMITTER 
( C"-THODE) 

CONVENTIONAL 
DIRECTION OF 
SPACE CUP.RENT 

OR ANODE 
CURRENT 

MA.HY ELECTRONS 
ATTRACTED 

COLD 
ANODE 

SPACE. CHARGE 

DIRECTION OF 

_ tltltl + + 0- dJ ELECTRONS 

LARGER CURRENT 

ELDJTRON MOVEMENTS IN A VACUUM WITH ANODE POTENTIAL .APPLIED, 

Emission Control. Electrons canno t 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 e~ission so valuable in 
practice. 

/3, 
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3,1 The tyiie of valve shown in Fig, 3, and containing only two electrodes, is tenned a 
"diode, 11 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 =d 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 II exploded" diode from which 
the relations between the electrodes should be clear. 

I MlODE 
D 

CATHODE 

~- 
4-, CONSTRUCTION OF THE CATHODE. 

'!WO-ELECTRODE VALVE OR DIODE, 

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 fo:nning 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 incarrlescent 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 obtain 
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 temperatures for efficient electron emission, whilst fuoriated tungsten 
filaments are made from tungsten impregnated with -thorium, In valves with this 
latter construction, electron anission 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 far a 
particular application. 

4,4 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 c:ircui t arrangements 
are necessary when alternating current or unsrnoothed direct current is used to heat 
an indirectly heated cathode. 

5, EFF.El'.JTS OF CATHODE TEMPERATURE AND ANODE VOLTAGE ON ANODE CURRENT. 

5.1 In the diode only two means are available for varying the anode current, these being 
the variation.s in cathode temperature and in anode voltage. These tvro factors also 
cause anode current variation.sin 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 af 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 • 

..., 
r---------~mA------- 

ANODE 

'ELECTRONS 

l~ l•I' I - •f-; •1 + 

R J:,... 
FE. 5. CIRCUIT FOR SHOWING FACTORS AFFECTING ANODE CURRENT. 

5.3 Cathode Temperature Effect. If the rheostat R in series with the cathode af 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 
lowering the temperature of the cathode, then 
the anode current as read on the milliarmneter 
will decrease. Eventually, with the cathode 
at roam 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 anode 
current. The general relationship between 
anode current and cathode or heater current for 
a representative valve is shown in Fig. 6. 

1- 
% 
~ 
"' B 

VI 

0 CATHODE OR HE.A.TER CURRENT 

CATHODE OR HEATER CURRENT VERSUS 
ANODE CURRENT. 

FIG. 6. 

There is a limit, however, to the increase in 
space current that can be obtained by increasing 

/the 
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the cathode temperature. This is due to the fact that electrons repel each other be- 
cause they are all negatively charged and free electrons in the space surrounding the 
ea thode 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 a.~y 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 appreciably 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 electrons, the anode current increases to a mor-e or 
less constant value - a state in which the electron attracting ability of the anode 
exceeds that of electron emission from the cathode. 

uJ 
0 
0 z: 
< 

0 

s 

IOPUJ.T1"5 f 
tm.iPfU.TUft 

TEMPERA. TURE 

CA'lliODE TEMPERATURE VERSUS ANODE 
CURRENT CHARACTERISTICS. 

UJ 
0 
0 z 

·4. 

ANODE VOLTAGE 

ANODE VOLTAGE VERSUS ANODE CURRENT 
CHARACTERISTIC. 

The voltage at which the anode current becomes constant, point Sin 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 
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with respect to the cathode and will flow only in the conventional direction through 
the valve from anode to cathode. This unidirectional conductivity r:m.kes 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 

I- DIODE CH.b.Rl>-CTERl~TIC respe~t to the cathode) 
z: ...__ but will cease to flow 
~ -......_ during each negative 
g half-cycle of anode 
U ~lt~. fuoth~ 
w words, there will be 
§ a continuous series ~ ~~~~=~ 
t flowing in the same 

R~TIFIE.D OUTPUT CURRENT direction as graphic 
ally shown. Conse 
quently, the anode 
current £'lowing through 

-t the load resistance 
will be a unidirection 
al current pulsating 
at a frequency equal to 
that of the e.m.f. 
producing it. The 
diode valve has pract 
ical use, to some ex 
tent, in radio receiv 
ers, measuring equip 
ment and power equip 
ment because of its 
rectifying properties. 

AL TERNA TING-- 
VOL TAGE 

ON ANODE 

FIG. 9, 

I 
I 
I 
I 

~ 

I ~ 
-- - ------- A.C. 

SIMPLE DIODE RECTIFIER. 

6. TRIODE VALVE. 

6,1 The applications of a diode are limited, triodes, tetrodes, etc., having a far great~ 
range of usefulness. 
If a third electrode 

ANODE is placed between the 
anode and cathode it 
will of'f'er' a means of 
controlling the flow 
of electrons between 
cathode and anode. 
In order to permit 
the passage of elec 
trons between the 
two latter electrodes, 
the third electrode 
must be open in 
structure and, there 
fore, is of grid 
form. From its pur 
pose and structure 
the third electrode 
is called the Control 
Grid. Fig. 10 shows 
the relations between 
the grid, cathode and 
anode Jf a triode 
Valve, and also shows 

CATHODE 

-7 
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 potential 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 close 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 corresnonding to various gr-id 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 Ea = 100 volts , 
the cut-off point occurs at -22 grid volts, 
that is, no anode current flows at this grid 
voltage. On reducing the grid volts to -12, 
the anode current, connnencing to flow at 
about -20 grid volts, rises with increasing 
steepness. Between -12 and +6 grid volts, 
the change in anode current is almost direct 
ly proportional to the change in grid volts, 
and between these points the curve straight 
ens. Increasing the grid volts beyond +6 
causes the rate of increase of anode current 
to fall away with increasing rapidity until 
saturation is reached at +12 grid volts, 
after which no increase is possible. 

10 

I 
I 
I 
I 
I 

~I 
¾~ I dl1 tu J ll 'i ;::,'1 

2:1I I 
&1' I g~,' I 

2 u1 I c:i I 
1•5 ~ I ~/ I 
/ I 

_., I 

3 

-22 -fO-IG -12 -8 -4 -0 +4 +6 +12 
GRID VOLTS Eg Increasing the anode voltage will give curves 

to the left of that described, as shown by 
the curve Ea = 120 volts, that is, more anode 
current will flow for a given grid voltage. 
Included in Fig. 11 is a grid cur-rerrt curve. 
When the grid is positive with respect to the 

cathode it attracts electrons in the same manner 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. 

CHARACTERISTIC CURVES. 
ANODE CURRENT VERSUS GRID VOLTS. 

FIG. 11. 

f/.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 - 

Ea = EB - Ia.EL 

where Ea= anode voltage, 

EB = voltage of anode supply, 

Ia = anode current, and 

RL = resistance of load in anode circuit. 

Ia:RL is the voltage drop produced by the anode current flowing through the resistance 
of the anode load, and this voltage drop will vary as Ia varies, thus causing Ea to 

vary. Suppose that the grid voltage is 
adjusted to a value Eg. The anode current 
Ia flowing through the load resistance R1 
will cause the anode voltage to have a value 
Ea. This condition is shown in Fig. 12 on 
the curve drawn for a constant anode poten 
tial Ea, the anode current for Eg grid volts 
being OX. If the grid voltage is changed to 
Eg1, that is, the grid is made less negative 
with respect to the cathode, the anode current 
will increase and the voltage drop across RL 
will correspondingly increase, causing the 
anode voltage to fall to Ea 1 • The value of 
anode current will now be OY on a curve drawn 
with a constant anode potential Ea1. Similar 
ly, if the grid voltage is changed to Eg2, 
that is, made more negative, the anode current 
will decrease, the voltage drop across RL will 
decrease and the anode voltage will rise to 
E,,_2. The value of anode current will now be 
Oz. on a curve drawn with a constant anode 
potential Ea2• 

la 

0 
Eol :, Eg 

DERIVATION OF DYNAMIC CHARACTERISTIC. 

-t 

FIG. 12. 

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. 

0 + 
Eg 

FIG. 13. DYNAMIC 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 Lncr-eas es, 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 whP-ther a certain valve would be suitable for uae as a voltage amplifi 
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 Coruitants, of which there are three - 

(i~ Amplif'ication Factor, designatedµ. 
(ii Anode Impedance, designated ra• 

(iii Mutual Conductance, designated gm, 

8.2 Amplif'ication 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 a decrease in anode current of 1,5 rnA. 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 4 volt change in grid voltage. The ratio of the change in anode volt 
age to the change in grid voltage necessary to produce the same change in anode 

current is termed Amplif'ication Factor, and is 20 = 5 in this case. 
4 

dEa 
Thus,µ=-- 

dEg 

where dEa and dEg 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 
dia 

where dEa is a small change in anode voltage and dia is the change in anode current 
which it produces. In the case taken, the anode impedance will be 20 volts/1.5 rnA 
or 13,333-1/3 ohms, 

dE _.!: is also the reciprocal of the slope of the anode characteristic shown in Fig. 8, ar, 
Thus, ra 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, 

dia 
Thus,~ =-;m::; g 

where dia is the change in anode current produced by a change in grid volts of dEg, 
In the case taken,~ will be 1,5 rnA/4 volts or 0,000375 mhos or 375 micromhos. As 
with the amplification factor, gm decreases as the upper and lower bends are entered. 

/8.5 
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8,5 Relationship between Valve Constants. 
another in the following manner - 

The three valve constants are related to one 

dEa 
µ ::=:: dEg 

dEa 
ra = fila 

•••••••••••••••••••••••••••••••••••••• ( 1 ) 

•••••••••••••••••••••••••..••••••••••. ( 2) 

••••••••••••••••••••••••••••.•.••••••• ( 3) 

dE dI 
Multiplying~ by-2 or 1 in equation ( 1) gives - 

dEg dia 

-µ=ra~•••··•····•••••••••••··•••····••····(4) 

ra=..Jd..··•••••••••••••••••••••••••••••••••••••(5) 
&m 

8lldSm=.l:.. •••••• .. ••••••••••••••••••••••••••••••••(6) 
ra 

8.6 Significance of the Valve Constants. The significance of the Amplification Factor and 
Anode Impedance may be more readily appreciated ii' an actual case involving alternating 
voltage is worked out. This is done in Fig. 14, using the same valve as in Fig, 11. 

Fig. 14a shows the valve with steady voltages of -8 volts and 100 volts aiiplied across 
grid and ea thode and anode and ea thode, respectively. An al ta-na ting signal voltage 
of 4 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. Ret'erring to Fig. 10, the 
anode voltage varying between 80 and 120 also causes the anode current to vary between 
1,5 and 4,5 mA. This means that when an alternating voltage of 4 volts is applied 
across grid and ea thode 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 CUITent. 
Thus, the signal voltage is amplified by a factor 2i = 5 by the valve. This factor, 

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

An alternating voltage of 20 volts applied across a circuit and resulting in an alternat 
ing current of 1,5 mA means that the circuit has an impedance of_?S!i__ = 13,333-1/3 ohms. 

1.5 mA 
/The 
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The only Lmpedance in the anode circuits of Figs. 14-a 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, ra, derived previously. A valve, there 
fore, may be regarded as an alternating current generator developing a voltage of 
uEs and having an internal impedance of ra, Es being the alternating signal voltage 
applied to the grid as shown in Fig. 14-c. 

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

9. SCREEN-GR]]) (OR TETRODE) VALVES. 

9.1 Whilst the electronic action of a triode 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 grid-anode capacity C~a couples the 
input and output circuits together. At audio frequencies the couphng is not 
noticeable as the reactance of Cga is high, but at radio and carrier frequencies 
the reactance becomes low enough for a transfer of energy between output and input 
circuits via Cga, which produces undesirable effects. 

OUTPUT ..__ 
INPUT --- 

Cga 

' II 

FIG. 15. 

OUTPUT -- 
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 short-circuited from the output by the connection 
between screen grid and cathode. This is shown in Fig. 16, which also contains an 
exploded view of a tetrode. 

OUTPUT -- INPUT -- OUTPUT -- 
Tetrode Capacities and Eguivalent Network. 

MUTER 

FIG. 16. SCREEN-GRID VALVE. 
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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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Ea 

.ANODE .AND SCREEN CHARACTERISTICS OF TETRODE. 

FIG. 17. 

A suitable condenser in the screen to cathode connection prevents the Screen Supply 
from being short-circuited, whilst still providing an effective alternating current 
short-circuit 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 and 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 dif'ference between the primary electron flow f'rom cathode to anode 
and the secondary electron f'low from anode to screen, The result is to decrease the 
anode current flovr 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 erpitted by the impact of the primary electrons. Beyond an anode voltage of' 
value 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 Z, and an increase of anode voltage beyond value Z 
merely draws a few electrons away from the screen, The screen current is the inverse 
of' t:1e anode current, that is, as the anode current rises the screen current falls, and 
as the anode current falls the screen current rises. 

/10. 
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10. CONSTAN'l'S OF SCREEN-GRID VALVES, 

10,1 The three constants of screen-grid 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, larc:&e changes in anode voltage produce only small 

changes in anode current, Thus,~ is large, much larger than for an equivalent 
dia 

triode, that is, one with the same spacings between control grid and cathode and 
control gcid 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 nnrtua.L 
conductance, &i, for the two valves is the same. 

Amplification Factor. As ra is higher for a screen-grid valve than for its equiv 
alent triode, and as &n for the two valves is the same, then, as µ::: ra&n, 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 screen-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 work 
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 connected to the cathode, either internally or external 
ly. As the cathode is negative with respect to the anode, the secondary e.l.ec tr-ons , 
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 anode 
as 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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Anode Characteristic of Pentode. 

SHIELD 

SYMBOL 

CATHOD! 

HEATER 

PEN'l'ODE VALVE. 

FIG. 18. 
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11.2 Variableµ Pentodes. Variableµ valves (also termed remote cut-off valves and 
super control valves) a.re usually pentodes designed so as to cause the anode 
current to curve away very slowly to a not very well d.ef'ined cut-ofi'. 

Fig. 19 compares the characteristic or an ordinary pentode with that or a vari 
able µ pentode. The variable -f'eature is obtained by using a control grid w:!.th a 
nan.-unif'orm grid mesh, so that the ampli-f'ication f'ac tor- is di-f'-f'erent f'oz- various 
operating points on the characteristic curve. 

VARlABLt ~ 
PF.NTODE ---.. ORDINARY PENTODE 

-30 0 + 
Eg 

COMPARISON OF VARIABLE µ AND ORD.rnARY PENTODE CHARACTERISTIC. 

-25 -10 

FIG. 19. 

12. CONSTANTS OF PENTODE V.ALVES. 

12.1 As in the screen-grid valve, gm for a pentode valve is the same as for an equiv 
alent triode, and ra is higher over that portion of the anode current curve where 
the anode CUITent is practicaJ.ly independent or anode voltage. The ampli-f'ication 
factor, therefore, must be high as in the scr-eers-grdd valve ( µ = ra&n), but the 
higher µ is secured. with a much lower working anode voltage than is the case w:!.th 
the screen,,,,gi;-:1.d vaJ.v-e. 

13. DYNAMIC CHARACTERISTICS OF SCREE!N-GRID AND PENTODE V.ALVES. 

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 triodes alone and not to screen-grid and 
pentod.e valves. The anode current versus grid voltage characteristics or the 
latter valves develop an inflection point and become more curved when operating 
under load condi tionB , this behaviour being explained by deri v.i.ng dynamic 
characteristics as follows. Fig. 20 shows the anode and static characteristic 
curves for a pentod.e. RL = o 
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ILLUSTRATING DYNAMIC CHARACTERISTICS OF PENTODES. 
FIG. 20. 
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Assume, now, that a load impedance is connected in the anode circuit, the grid is 
biassed into the centre of the neg&tive 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 vol ta.ge 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 in 
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 shovm by the curves for 
R1 = 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. 

14. BEAM POWER VALVES. 

14.1 A beam power valve is a tetrode in which use is made o:f d:irected electron beams to 
contribute substantially to its power handling capacity. This type of valve con 
tains a ea thode, 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 travelling from a high potential 
screen to a lower potential anode. In 
this low velocity region the space charge 
produced is sufficient to repel secondary 
electrons emitted from the anode. Beam 
power valves o:f this design employ beam 
:forming anodes at cathode potential to 
assist in the production of the desired 
beam ef:fects and to prevent stray electrons 
:from the anode returning to the screen out- 
side the beam. A feature of a beam power 
valve is its low screen current. The 
screen and the grid are spiral wires wound 
so that each turn of the screen is shaded 
: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 e:ffective 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 

BEAM- FORMING 
ANODE 

GRID M. 
SCREEN______.. 

STRUCTURE OF BEAM POWER VALVE. 

FIG. 21. 

e:fficiency. 

The structure o:f a beam power valve is shown in Fig. 21. 
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15, EFFE:::TS OF 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 electrons 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 internal 
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 
rrrust 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 rarige from 10 to 25 volts. The positive ions, which result from 
the ga.s 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 f'as t 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. 

CHAR.,l,.,.CTERISTIC 
WITH GA..5 

, , , 
, CHARA.CTERISTIC 

,, WITH NO GAS .,., 

Ea 
.ANODE CHARACTERISTIC OF GAS DIODE. 

FIG, 22. 

This principle is used in the Tu:ngar rectifier, 
which uses Argon gas, and the Mercury vapour 
rectifier. The mercury vapour rectifier con 
tains a small amount of metallic mercury which 
vaporises when its temperature is raised on 
the cathode being heated, so forming mercury 
vapour. The ionising potential of mercury 
vapour is about 10. 5 volts, so that, when the 
P.D. between anode and cathode reaches this 
figure, the mercury vapour ionises. The 
positive ions then move towards the cathode, 
where they neutralise the space charge effect 
and cause the electrons in the space charge to 
be dravm to the anode as fast as they are 
emitted. Thus, sa.turation current is reached 
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 lIU.lCh greater tha..~ that 
of an electron - about 1,840 times as gr-eat in the case of hydrogen - so that, under 
normal conditions, ions will move very slovrly. If they are produced in sufficient 
numbers and/or are subjected to a high P,D. between anode 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 amount 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 available 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 i e« 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 s:i.mul taneously with, the ea thode heating power, then little mercury vapour will be 
available for ionisation whilst the valve 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 volts, 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 Triodes (Thyratrons). 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 neg •• 
a ti ve grid voltage considerably greater than cut-off 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 ea thode 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 order to stop the anode current, the anode voltage 
mus t 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 dislodp:ing electrons from the gas molecules. These positive ions are attract 
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 
t.'i.e 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 con 
trol action of the grid has been lost. 

The result is a relay or trigger device which 
has important practical uses, particularly in 
control circuits. This device talces 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. 

0 
Eg 

+ 

In cases where the ionisation and deionisation 
must be rapid, helium, argon or neon is em 
ployed because the positive ions of these gases 
are more mobile than those of mercury, which 
is used where the rapidity of ionisation and 
deionisation is not so important. 

CHARACTERISTIC OF THYRATRON. 

FIG, 23, 

Fig. 23 shows a typical characteristic for a 
gas triode, the behaviour of which, under the 
control of grid voltage, is similar to the 
characteristic of the gas diode shown in Fig. 
22. /16. 
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16. VALVE FAULTS AND TESTING. 

16 .1 Typical valve faults are detailed hereunder - 

(") 
(i~) 

(iii) 
(iv) 

( v) 

(vi) 

Low Cathode Activity, due to aging and deterioration of the cathode. 
Low Insulation Resistance - a deterioration in the normal I.R. between 
electrodes with consequent change in performance characteristics. 

Low Gain - a decrease in the original amplification factor. 
Bright Spots. Some cathodes, due to m.anuf'acturing 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. 

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, 

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 character 
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 ea tegory 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. 24. 

D.C.METER 

.___ ....l...-4r-i-1 -~ 

CATHODE ACTIVITY TEST CIRCUIT. 

FIG, 24, 

All 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 va..Lve type indicate that the total number of available electrons has 
been so reduced that the valve is no longer capable or 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.:MPUT' 
• IV l • 

A.C. MILLIAMETER 
A) DYNAMOMETER 

TYPE 

~--= t l V 1--------e 

----- V r------- ...• 

~--~-1------' 

MUTUAL CONDUCTANCE TEST CIBCUIT. 

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.G. anode current divided by the input signal voltage. If a one 
volt R.M.S. signal is applied to the grid, the anode cUITent 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 short-circuit 
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 valve 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 valve and frequently results 
in the replacement of valves before they r~.wh 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 we'l L-kncwn 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 104 are usually referred to as "1 ampere" valves by virtue of 
their normal cathode current. 

/valve 
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V A L V E 1 Q 1 is a general purpose type, which serves as an ampl:if'ier or a detector, 
and is capable of handling medium currents, This valve is used in telephone repeaters 
and carrier systems as an amplifier, and in telegraph carrier systems and measuring 
apparatus as oscillator, amplifier and detector. Valve 101 has a large cathode ( of M 
shape) sur-rounded by a wide meshed grid, fairly close to which are two parallel plates of 
equal size to the grid forming the anode. 

Element Assembly. 
(With Front Anode and Grid Removed) 

"' - ..•. 35 
Q. 
:::i: • 3 
! '50 
I- :z •.. 
~ ::, 
u 
••• C 
0 :z • 

-ts -zo -11 -10 
GRID VOLTS (-) Vg 

Cathode Voltage 4.4 volts 
Cathode Current O. 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. 

0 +5 +IO 
GRID VOLTS(+) Vf 
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VALVE 1 Q 2 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 amplifier 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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ANODI! 

i.. 111 Ill tCATHOl>E 

Element Assembly 
(With Front Anode and Grid Removed) 

MJLLI.UAPS 
Q - -:- N ~ W ~ 

I U1 UI U1 UI .,. 

~ ll----+----1-----+---+----+---t-------t 

Cathode Voltage 2 volts 
Cathode Current O. 97 amper-e 
Working Anode Voltage 130 volts 
Working Anode Current O. 75 rnA. 
Max. Anode Voltage 160 volts 
Working Grid Voltage -1.5 volts 
Amplification Factor 30 
Output Power 0.0042 watt 
Anode Impedance 60 ,000 ohms 
Gain 33.5 db 
Expected Life 20,000 hours. 

I.AJCROAMPS 
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VALVE 1 Q 4 is a power valve used where high out~•.1ts into low impedance loads are 
required. Whilst generally similar in coru;truction 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 104 is used mainly as an output valve in carrier amplifiers, as well as 
in measuring equipment. 

Element Assembly 

(With Front Anode and Grid Removed) 

:1 I I I I I I IA 
IaTI 

601 I 

9 

Vg I I I I • V ,, I ,I 

sol---+.-+--1--,-7r 

Cl> 

201 I I 1000~ I <y ..• 
1 :JI'! I I I 800 ~ cc 

600~ :f 
400 

zoo 

Cathode Voltage 4.4 volts 
Cathode Current 0,97 ampere 
Working Anode Voltage 130 volts 
Working Anode Current 20 mA 
Max. Anode Voltage 160 volts 
Working Grid Voltage -20 volts 
Amplification Factor 2.4 
Anode Impedance at 20 mA 2,000 ohms 
Output as Oscillator 2 watts 
Output Power 0.17 watt 
Gain 26 db 
Expected Life 5,000 hours. 

-60 -so --40 -30 -zo -10 0 +5 +10 ♦ts 
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VALVE V • T • 2 5 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 performance to the S. T.C. Valve 101. The construction, however, 
is dif'ferent. 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 ea thode, 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. Outside this again is mounted a metal tube of elliptical section 
which forms the anode. Thu.s, the cathode is completely surrounded by grid and anode. 
Thoriated tungsten is used in the cathode, which has a fairly bright glow at normaL 
current, as compared with that of any of the S.T.C. series which are dull emitters. 

Element Assembly 

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

35 

30 
I I IaTI 25rr V. I 

~20 i' 
:2 ◄:; ...• 
5f15 

10 

s 

L 
-40 -30 -20 -10 

f400 

I I I I ,'1# I I ;11200 

1000~ :i 
800 -c 

~ 
600 S! 
400 :l 

zoo 

Cathode Voltage 4.5 volts 
Cathode Current 0.8 ampere 
Working Anode Voltage 150 volts 
Working Anode Current 11 mA 
Working Grid Voltage -8 volts 
Amplification Factor 5.6 
Output Power o.o6 watt 
Anode Impedance 6 ,000 ohms 
Approx. Gain 29 db 
Expected Life 10,000 hours. 

o +5 +IO +15 



PAPER NO. 5. 
P.AGE 30. 

I.QNG LINE EQUIPMENT I. 

17.3 On later S.T.C. equipment, a new series was introduced which consumed only 1/4 ampere 
cathode current. 

The 1/4 ampere valves are designated 4019, 4020, 4021 and 4022, respectively. The 
first three have similar characteristics to Valves 101, 102 and 104, respectively. 
Valve 4022 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 - 

CONST.ANTS. 

Cathode Nominal Amplification Mutual Capacities Grid Valve Cathode Current Voltage Factor Conductance G-rl.d. .IU!Od.e Cathode 
Anode Cathode 

Ampere Volts mA/v µµF µµF µµF 

4019 0.25 4 * 7 *1 .17 5,4 4,8 7.3 
4020 0.25 2 *30 *o.6 6.3 4,4 6.2 
4021 0.25 4 16 6 _i3 9.1 4.6 8,0 

4022 0.25 4 *11 *1.83 9.6 4,3 8.1 

*At anode current of 0.8 mA, 
,iAt· anode current of 23 mA. 

TYPICAL WORKING CONDITIONS. 

Harmonic Content 

Valve Anode Grid Anode Anode Load Output db below 
Voltage Bias Current Resistance Fundamental 

Volts Volts mA Ohms Ohms mW db 

4019 130 -8 8.1 5,100 5,100 79 25 
,0,200 63 31 
15,300 50 34 

Peak 
Volts 

4020 130 -1,5 0.92 46,000 46 ,ooo 21.4 30 
92,000 25.4 35.3 

1,38 ,ooo 26.2 37 

rrif{ 

4021 130 -8 22.5 2,050 2,050 140 27 
4,100 100 31.5 
6,150 87 35 

rrif{ 

4022 130 -4,5 6.6 5,000 5,000 120 20 
10 ,ooo 79 28 
15,000 76 33 
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VALVE 4019 • Wide Grid Mesh (18 turns), M shaped cathode close to grid, per 
forms similar functions to Valve 101. 
Use. Restricted at present to programme carrier systems, for example, in modulators 
and demodulators. 
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V ~ L VE 4 Q 2 Q • Fine 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 amplii'iers, 
Also in 1,000 cycle V,F. ringers. 
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VALVE 4 Q 2 1 • Medium grid mesh (24 turns), M shaped cathode, plates forming 
anode close together. Intended as a replacement for Valve 104. Application limited. 
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VALVE 4021 CURVES. 

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

VALVE 4 Q 2 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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17.4 VALVE 4 Q 4 6 A• A type of' pentode used in departmental equipment is the 
Valve 4046A, which is an indirectly heated valve. The constants and typical working 
conditions of' the valve are - 

CONSTANTS. 

Heater Voltage 4 volts. 
Nominal Heater Current 0.95 ampere • ... Amplification Factor 2,400 

* Anode Impedance 800,000 ohms. 
Grid-Anode Capacity 0.007 µµF. 
Input Capacity 10.7 µµF. 
Output Capacity 8 µuF. 
Maximum Saf'e Direct Anode Voltage 250 volts. 
Maximum Safe Direct Screen Voltage 100 volts. 

* At Va= 200, Vsg = 100, Vgl = -1.5, 

TYPICAL WORKING CONDITIONS, 

(1) ( 2) (3) 

Anode Voltage 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 db, 
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The characteristic curves of Valve 4046A are shown below. 
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17.5 Pentode valves of the type 328A (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 system.e, and have an 
exceedingly long life under normal operating conditions. The characteristics of 
each valve are listed hereunder - 

I.ONG LINE EQUIPMENT I, 

VALVE 328A. 
Classification - Voltage-amplifier, suppressor-grid 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 Inter-electrode Capacitances - 

Control grid to anode 
. Suppressor grid to anode 
Anode to heater, cathode and screen grid 
Control grid to suppressor grid 
Control grid to heater, cathode and screen grid 
Suppressor grid to heater, cathode and screen grid (with 
close-fitting metal shield connected to cathode) •• , ••• 

Heater Ra ting - 

Heater Voltage 

Nominal Heater Current 

Limiting Conditions for Safe Operation - 

Maximum anode voltage 
Maximum screen-grid voltage••• 
Maximum space current (screen-grid current plus anode 
current) 

Maximum screen-grid current ••• 

0.007 µµF 
12.5 µµF 
3,2 µµF 
1,3 µµF 
6.5 µµF 

14,5 µµF 

7.5 volts, 
A.C, or D.C. 
0,425 ampere 

250 volts 
180 volts 

10 milliamperes 
2.5 milliamps. 

Operating Conditions and Output - 

Screen Control Suppressor 
Anode Grid Grid Grid Anode Load Input Output Output 2nd 3rd 

Voltage Voltage Bias Voltage Current Resistance Val tage Voltage Power Harmonic Harmonic 

Volts Volts Volts Volts mA Ohms Peak Peak nrR dJ:> db 
Volts Volts 

135 135 -3 0 5,4 20,000 3.00 250 22 30 
60,000 1.60 130 26 28 
60,000 0.95 60 35 45 
60,000 1. 15 100 - 33 39 

100 ,ooo 0.57 75 - 35 50 
100,000 0.40 50 - 40 55 

180 135 -3 0 5.4 40,000 2.70 - 340 26 28 
100,000 1.50 175 - 26 30 
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VALVE 32 9A. 
Classification - Low power, suppressor-grid 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 posi ticm, 

Average Direct Inter-Electrode Capacitances - 

C.ontrol Grid to anode 
Control Grid to heater, cathode and screen grid 
Anode to heater, cathode and screen grid 

Heater Rating - 

Heater Voltage 

Nominal Heater Current 

Limiting Conditions for Safe Operation - 

Maximum direct anode voltage 
Maxinn.un direct screen-grid voltage 
Maximum space current 
Maximum direct screen-grid current 

Operating Conditions and Output - 

0,07 µµF 
9 µµF 

12 µµF 

7.5 volts, A.C. or 
D,C. 

0.85 ampere 

250 volts 
180 volts 
60 milliamperes 
12 milliamperes 

Anode Amplification Anode Trans- Anode Load Input Output 2nd 3rd 
Voltage Factor Impedance conductance current Resistance Voltag~ Power Harmonic Harmonic 

Volts Ohms Micro-ohms Jil.A Ohms Peak Watts db db 
Volts 

135 122 43,000 2,800 30 3,000 15 1.9 23 24 

3,500 15 2.0 27 21 

4,000 15 2.0 29 19 

6,000 15 1.9 20 18 

180 146 50,000 2,900 31 3,000 15 2.5 18 30 
4,000 15 2.8 21 24 

7,000 15 2.5 23 18 

17.6 In more recent years, the tendency has been to employ valves designed primarily for radio 
purposes. The two valves chosen for general use as a voltage amplifier and power 
amplifier are the 6SJ7 and 6V6, respectively. 

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 equipment. 

(ii~ Lower heater current than the standard types of pentode previously employed. 
(iii Readily obtainable (AustraJ.ian manufacture). 
(iv Lower cost, 

/17.7 
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LONG LINE EQUIPMENT I. 

VALVE 6 V 6 (metaJ.) or 6V6G (glass) is a power amplifier valve of the beam type, 
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 - 

~ 20 

TYPE 6VG 
Ef= EV3 VOLTS 
SCREEN VOLTS=<l30 

col\illOL- G\l.\\) \/O\.iS Vv1"'0 

gtO 
z < 

0 
50 100 150 

ANODE VOLTS 
6V6 ANODE CHA..~TERISTICS. 

(The OctaJ. Socket which 
accommodates the 6V6 VaJ.ve 
may be mounted to hold the 
VaJ.ve in any position.) 

-2.0 
aoo 

6V6 CONNECTIONS. 

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

Heater Voltage (A.C. or D.c.) 
Heater Current 
Anode Voltage 
Screen Voltage 
Anode Dissipation 
Screen Dissipation 
T:ypical Operation: 
Anode Voltage 
Screen Voltage 
Grid Voltage 
Peak A.F. Grid Voltage 
Zero-Signal Anode Current 
Max.-Signal Anode CUITent 
Zero-Signal Screen Current 
Max.-Signal Screen Current 
Anode Impedance 
Transconductance 
Load Resistance 
TotaJ. Harmonic Distortion 
Max.-Signal Power Output 

180 
180 
-8.5 
8.5 

29 
30 
3 
4 

58,000 
3,700 
5,500 

8 
2 

250 
250 
-12.5 
12.5 
45 
47 
4.5 
7 

52,000 
4,100 
5,000 

8 
4.5 

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 

77,000 ohms 
3,750 micromhos 
8,500 ohms 

12 per cent. 
5.5 watts 

/17.8 
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17.8 VALVE 6 S J 7 is a voltage amplifier pentode of the metal tJI,e 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 diametric 
ally opposite. In comparison with the grid cap tJI,e previously available, this valve 
offers the circuit advantages of more stable amplifier operation, gr-eater 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 - 

G1 K 
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~~ -3 
/ - - - ·- --- --- -- --- , -4 
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(The Octal Socket which 
accarnmoda tes the 6SJ7 
Valve may be mounted to 
hold the Valve in any 
position.) 

0 80 IGO 240 
A.NOOE VOLTS 

6SJ7 ANODE CHARACTERISTICS. 

CHARACTERISTIDS OF 6SJ7 VALVE. 

320 

6s.J] CONNECTIONS. 

Heater Vo1tage (A.C. or D.C.) 
Heater Current 
Pentode Connection (shell connected to cathode): 

Grid...A.node Capacitance 
Input Capacitance 
Output Capacitance 

Triode Connection (shell connected to cathode, screen and. 
suppressor connected to anode): 
Gria...Anode Capacitance 2. 8 max, µµF 
Grid.Cathode Capacitance 3.4 max, µµF 
Anode.cathode Capacitance 11 max, µµF 

65.J] VALVE AS CLASS A AMPLIFIER - PENTODE CONNECTION. 

6.3 volts 
0.3 ampere 

0.005 max. µµF 
6 max, µµF 
7 max, µµF 

Anode Voltage 
Screen Voltage (Grid No. 2) 
Screen Supply Voltage 
Grid Voltage (Grid No. 1) 
Anode Dissipation 
Screen Dissipation 
Typical Operation: 

Anode Voltage 100 
Screen Voltage 100 
Grid. Voltage -3 
Suppressor Connected to 
Anode Current 2.9 
Screen Current 0.9 
Anode Impedance 0.7 
Transconductance 1,575 
Grid. Voltage (for cathode-current 
cut-off) -9 

300 max, volts 
125 rnax. volts 
300 ma.x. volts 

0 min. volt 
2.5 max. watts 
0.3 max. watt 

250 volts 
100 volts 
-3 volts 

cathode at socket. 
3 milliamperes 
0. 8 milliampere 

More than 1 megohm 
1 ,6 50 micromhos 

-9 volts 
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6SJ7 VALVE AS CLASS A AMPLIFIER - TRIODE CONNECTION 
( SCREEN AND SUPPRESSOR TIED TO ANODE) • 

Anode Voltage 
Grid Voltage 
Anode Dissipation 
Typical Operation: 

Anode Voltage 
Grid Voltage 
Anode Current 
Anode Resistance 
Ampl:i.f'ication Factor 
Transconductance 

180 
-6 
6 

8,250 
19 

2,300 

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

250 volts 
-8.5 volts 
9.2 milliamperes 

7,600 ohms 
19 

2,500 micromhos 

18. TEST QUESTIONS. 

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

Illustrate 

2. Explain why the static and dynamic characteristics of a triode d:i.f'fer and in what 
way they d:i.f'fer. 

3. What is the object of the screen grid in a tetrode valve? 
to produce a high amplification factor'? 

How is this grid used 

4. 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 vapour valve 
some time after the cathode voltage has been applied. 

END OF PAPER. 
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1. INTRODUCTION. 

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 Es is applied across 
the grid and cathode of a valve an alternating voltage of amplitude µEs 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 generat- 
or having an internal impedance of ra and developing a voltage of µEs• 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 al terna ting voltage developed in the anode circuit of a valve is 180° out of 
phase with the alternating signal voltage applied across grid and cathode, that is, 
a phase shti'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 which it will be seen 
that the alternating voltage acting in the anode circuit is 180° out of phase with 
the signal voltage at the grid, 

LONG LINE EQUIPMENT I. 
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3. VOLTAGE AND POWER AMPLIFIERS. 

ILLUSTRATION OF PHASE SHIFT THROUGH VALVES. 

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 - 

(i) 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 

for maximum 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, µEs, to be high, the amplti'ication factor,µ, must be high. 
As µ = ra&m, a high µ, of necessity means a high ra, which conflicts with the 
second condition that the supply source should have a low impedance. Also, all 
generators develop their maximum 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 genera tor, 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 carmot be used to amplli'y 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 r-eason , an amplifier 
generally consists of a number of valves, or "stages" all 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 µ , and, therefore, 
a high ra, which work into load impedances which are generally fairly high. 

3,3 By using a number of such stages in callcade, 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 ra, 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 ra will have 
a low ll• This is not important, however, all the preceding voltage stages have 
amplified the voltage to the value required, Fig. 2 indicates the layout of the 
amplifier. 

LOAD ON VOlTAGE 
STAGES MATCHING 

TRANSFORMER 

OLOADON 
POWER 
STAGE 

VOLTAGE STAGES 
WITH HIGH JJ. VALVES 

POWER STAGE 
UJWµ VALVES 

~- MULTI-STAGE AMPLIFIER. 

4, DISTORTION IN AMPLIFlERS. 

4,1 A:n 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. 
A:n actual amplifier can fall short of the ideal in three ways - 

(i) By failing to amplify the different frequency components in the 
input 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 Non-linear, 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. Fr-eqiency dis 
tortion is caused by the frequency characteristics of the input and ou+put 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 

/high 
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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 ia practically elim 
inated. in the output of the amplifier and the signal is changed in shape or distorted 
in its passage through the amplifier. 

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 wave-shape will be different from that of 
the signal voltage if the grid swings include the non-linear portions of the character 
istic curve, because over .those portions the change in anode aurrent has a variable 
proportionality to the change in grid voltage, that is, the mutual conductance, &i, is 
not cons tarrc, 

Fig, 4 shows a typical case. A sinusoidal signal voltage, E8, superimposed on a steady 
D.C. voltage, Ee, is applied a.cross the grid and cathode of a valve. 

la 

OUTPUT CUAA!NT 

+ 

INM5IGHAL 

I 
I -~- ... 

~. NON-,LINEAR DISTORTION PRODUCED BY VALVES. 
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This steady D.C. voltage, Ee, 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 hal:f'-cycles of al ternat 
ing current in the output will be of unequal amplitude, that is, the hal:f'-cycle above 
the zero or normal anode current value of Fig. 4 will be greater than the half-cycle 
below it. An analysis of such a wave-shape shows that it consists of a fundamental 
frequency of the signal frequency, together with harmonics which, when added to the 
fundamental, give the distorted wave-shape produced by the non-linearity 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. 4, the second harmonic is in phase with the fundamental over the 180° 
of the second harmonic designated ab, so increasing the 8JJ.!plitude 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. 

4,4 Phase distortion is, as mentioned, the change in the relative phase relations of the 
different frequency components in the signal voltage, This shift in phase of the 
different frequencies may occur without necessarily changing their amplitude relatiorui, 
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 out-put 
circuits and is accompanied by frequency distortion. Fig, 5 shows a case in which a 
valve, having an amplification factor µ and an anode impedance ra, has for an anode 
load a pure inductance of L henrys. 

L 

EXAMPLE OF PHASE DISTORTION. 
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The signal voltage and, therefore, the alternating voltage acting across 
circuit is assumed to be composed of a fundamental and a third harmonic, 
mental component of the anode current will lag its applied voltage by an 
so that - 

the anode 
The funda •• 

angle 0, 

tan e = .!:& 
ra 

=~ 
ra 

The third hannonic component of the anode current will lag its applied voltage by an 
angle~. so that - 

tan ~ = 2 773fL == ~ 
ra ra 

where f, 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 GRlD. 

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 actually 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 gr-id 
voltage curved or non-linear 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 100° 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 Ee and the resultant grid 
current produces a voltage drop across the impedance in the grid circuit which is in 
opposd taon to1, or 100° out of phase with, Ee, Thus, the voltage actually at the 
grld will be me difference between Ee and the voltage drop across the impedance of 
the grid circuit. 

VOLTAGE DROP 
PRODUCED z 

BY. 1, 
ACR05.5 Z 

FIG. 6. 

CONVENTIONAL l 
DIRECTION Of 
GRID CURRtNT I~ 

r 1,1, Ee , 

VOLTAGE PRODUCED BY GRID CURRENT. 
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5.4 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, ther-ef'oz-e , the anti-phase voltage drop is likewise 
produced over the impedance of the gr-id circuit only when the grid is driven positive. 

OUT'PUT CURR!NT ___ --,✓--~miOOT GRID CURRENT 

I I I -;----------- 

I 
I 
I 
I ___ .,l_ 
I 
I 

I I 
I I 
+-' I f--..-- 

1 I I 
I I / 

1 
1r~INpA 

-,-1~ ,,,r------- 
" I I 

OUTPUT CURRENT 
WIT1I GRID CURRENT 

RE.5ll.TANT VOLTAGE 
OW CiR\D 

VOLTAa DROP 
PRODUC[D BY I~ 

FIG. 7. EFFECT OF GRID CIRCUIT JMPEDANCE. 

5 ,, 5 This means that the amplitude of those half-cycles of signal which drive t.'le grid positive 
are reduced at the grid, whilst the other half-cycles are unai'fected. The anode current 
wave-shape, therefore, will be distorted as in Fig. 7, which is the reverse of' the anode 
current wave-shape of Fig. 4. As the distortion in Fig, 4 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. 

la 
CHARACTERISTIC WJ1110Uf _l,_- GRID CURRENT OR 

r- ZERO IMPEO>.MCE IN t--- GRID CIRCUIT 

Cl1ARACTERISTIC WITt1 
GRID CURRENT AND 

IMPEDANCE IN 
GRID CJRCUIT 

0 + 
~ 

.m.......6. 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 rnathanatically that this distortion is due mainly to 
the production of the third harmonic of the fundamental frequency. 

(b) 

DYNAi,!IC CHARACTERISTIC OF PENTODE. 

FIG. 9. 

6. DISTORTIONLESS 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 
=t be confined to the negative linear portion of the characteristic if the anode 
current wave-shape is to be identical with that of the signal voltage. This can 
only be achieved by the arrangements shown in Fig. 10. 

9 + 
I E, I 
1...----...J 
I UMIT5 Of I 
l51GNAL VOLTA(ZI 

FIG. 10. OPERATING CONDITIONS FOR CLASS A AMPLIFIER. 

E0 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 tyJ,e of amplification is referred to as 
Class A amplification. /7. 
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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 c/s to about 15,000 
c/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 dis- 
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 associat 
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 pass frequencies lying 2 ,500 c/s on either side of th1 frequency, because such 
frequencies differ from the centre frequency by only about-- part of it. On the 

400 
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

1 
about 

2,500 c/s and would have to pass frequencies twice this frequency and also 
25 

of it, 

that is, 5,000 c/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 
narrow. Audio and carrier frequency amplifiers are wide band amplifiers and, there 
fore, urrtuned , because, al though carrier frequencies extend into the radio portion 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 
oper~tion is necessary to understand Class C operation, which is used in many oscil 
lators in the systems mentioned. 

Class B amplifier is biased practically to anode current cut-off, so that anode 
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 half-cycle and 
the other to amplify the other half-cycle. 

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 vvhich 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 Claes C amplifier 
the angle of anode current flow is ,reduced to between 120° and 150° by biasing the 
gr-id beyond anode current cut-off. Class C operation cannot be applied to audio 
frequency amplifiers since using two valves, as in the Class B case, will produce 
incomplete half-cycles 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 gr-id and cathode of the va~ve 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 dro:p 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. 

'4·+V 
.ALARM 
RELAY 

rZ4V 
':' 

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 4,4 volts drop across the 
cathode of A and the 4,6 volts drop across 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, In Fig. 12 anode current flows in the conventional 
direction indicated, producing a voltage drop across the cathode resistor Re in the 
direction shown. 

(Cl) 
FIG. 12. CATHODE BIAS, 

) 
...__ ,11--~ 

(b) 

By choosing a suitable value of resistor, the voltage drop across it will equal the 
bias required and the gr-id 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 R0 as well as ZL, so varying the voltage drop across Re and 
varying the bias. This is prevented in Fig, 12 by connecting across R0 a condenser 
having a capacity large enough for it to short-circuit R0 effectively at the lowest 
frequency to be transmitted through the amplifier. 

/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, 
o-J: course, by the tuned load in the a.node circuit. The grid current produced by 
driving the grid of a Class C amplifier positive is frequently 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. 

CiRll> CUIU\ENT PULSES 

-A-A-AA--·~~ 
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 valve 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 R~ at the signal frequency, This resistance 
condenser combination is called a grid leak," and this type of bias is termed 
"grid-leak" bias, 

10. VOLTAGE .AMPLIFIERS - METHODS OF COUPLING, 

10, 1 As mentioned previously, by employing a number of' amplifiers in cascade almost any 
d.egree of' voltage amplification can be obtained. The method o-J: 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 maximum 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 perrtode , because high load impedances on triodes decrease distortion 
and on pentod.es 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 a.node circuit across which the amplified 
voltage is developed. 

FIG. 14, RESISTANCE COUPLED .AMPLIFIER. 
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The coupling condenser Cc 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, Rg and Cc, 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 ra of 66 ,ooo 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 ra 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. 

FIG, 15, 

100 1000 10.000 
FREQUENCY(C/5) 

AMPLIFICATION VERSUS ~UENCY. 
(RESISTANCE COUPLlliG 

This curve is obtained by applying a constant voltage to the input whilst varying 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 E0 to Es, 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 Cc offers to low frequencies, 
causes a considerable voltage drop to talce 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, 

1 O. 3 Transformer Coupling, In a transformer coupled amplifier, the load impedance con 
nected in the anode circuit of the valve is the primary win.ding of a transformer, 
the secondary voltage of which is applied across the grid and cathode of the succeed 
ing valve as shown in Fig. 16. 

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 

/produce 
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produce a given voltage amplification by using transfo:rmer 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. 

1000 10,000 
FREQUENCY (c/s) 

FIG. 17. AMPLIFICATION VERSUS FREQUENCY. 
( TRANSFOR.'llER 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 leakage 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 
transfonner may have 100 primary turns, and across these 100 turns an e.m.f. of self 
induction is produced. Only 9(% 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 f'lu.x, however, links the whole 100 primary turns, so that 
these 10 turns have an inductive reactance which is called the Primary Leakage Rea.ctance. 
In exactly the same way the secondary winding has a leakage reactance which, in this 
case, will be 1 c% 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. 1 8. 

PRIMARY SECONDARY PRIMARY SECONDARY 

IOOT 
90 ¼,Efl'. 

l00~ OFTURNS 
90 % EFFICIEHT = sor 

100':{.UF. 

IOT o-r. EJ'F. 
IO~OFTURNS 
0 1/o f.FPICJ!NT 

FIG. 18. TRANSFORMER LEAKAGE REA.CTANCES. 

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 ineffect 
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, 

VOLTAGE 
ACROSS 
EFFICll!.NT 
SECOND,A.RY 
TURNS 

FIG. 19, 

Eo, 
SECONl».RY ' 

TURNS 
CAPACITY 

SECONDARY 
l.£AKAOE REACTANCE 

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 turns 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 turns on a core of 
small cross-sectional area. The higher inductance improves the low frequency 
response, and the decreased leakage reactance and distributed turri.s capacity of the 
secondary, due to the smaller core and fewer turns, shift the resonant peak up to a 
much higher frequency. With correct design, this frequency is well above the high 
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 lmown as Parallel or Shunt 
Feed, 

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 cir 
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 Le replaces the coupling resistance Re of Fig. 14. Another circuit 
employs a coupling resistance Re with a grid choke Lg replacing the grid resistor Rg 
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. 

/11. 
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11. GRlD .ANil ANODE RETURN LEADS. 

11.1 The use of alternating current or unsmoothed direct current f'or heating f'ilament 
type cathodes always introduces a certain amount of' hum into the anode circuit of' 
such valves, even when the thennal capacity of such cathodes is high enough to 
pt"event them f'rom 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 f'requency of' the heater voltage 
to both grid and anode. Fig. 21 shows the situation, f'rom 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. 

FIG. 21. FILAMENT TYPE CATHODE HEATED BY A.G. 

11.2 To reduce this superimposed voltage, the grid and anode return leads are brought 
back to a point which, in eff'ect, 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 centa-e point of' a resistance connected across the 
cathode as in Fig. 22. 

A.C. OR UNSM00THED D.C. 

FIG. 22. METHOD OF OBTAINING CENTRE POINT OF CATHODE. 

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 ra, so that 
little of their developed power will be dissipated in that ra, which means that 
such valves will have a low µ. However, this does not matter, as the preceding 
voltage stages have produced the necessary voltage amplification. 

12.2 Maxi.mum power tr-ansfer will take place when the load on the valve is equal ·in 
impedance to the ra of the valve. However, as with the voltage amplifier, the 
power transfer mus t take place with little distortion. For this reasm,, some 
efficiency of power transfer is sacrificed. In practice, the load impedance on a 
triode is greater than its ra, whilst that on a pentode is much less than its ra, 
As examples, a 2A3 power triode has an ra of' 800 ohms and the recommended load 
impedance is 2,500 ohms, whilst a 2A5 power pentode has an ra of 801000 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 transfonned to the correct load impedance f'or the valve concerned by a matching 
tr-ansformer ,nth a suitable turns ratio. /12.3 
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Single Power Valve, This circuit, Fig. 23, requires no explanation otnes than that 
the tr-ansformer transforms the load impedance ZL to an impedance Zp, equal to that 
recommended for the valve used. 

FROM 
VOLTJ>...GE 
5TA.GES 

- Zp -- Ya 
FIG. 23. SINGLE POWER VALVE. 

Valves in Parallel. When valves are used in parallel, the ra of the whole stage will 
be equal to~ times the ra of one valve, n being the number of valves used in parallel. 
If two valves are used, as in Fig. 21+-, the ra of the stage will be one-half the ra of 
one valve. This will mean that Zp will be half the recommended value for one valve 
to preserve the e ame impedance relations. As the impedances are halved, the power 
output from the stage is doubled. --------------- 

FROM 
\OLTAG!. 
STAGE 

FIG. 21+-. 

- Zp 
--.1 • • •k,-- .... 

VALVES IN PARALLEL. 

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 centr-e tap. 

As the grids of the two valves are excited by equal voltages 1 80° out of phase during 
a signal, the anode current of valve A in Fig. 25 will increase, whilst that of valve 
B will decrease during one half-cycle; 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 primary of the output tr-ansformer produce unequal fluxes, and the result 
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 push-pull connection, assuming identical valves, are as follows - 

(i) 

(ii) 

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, 
so producing zero resultant magnetisation. 

A.C. ripple voltages present in the source of anode power, for example, 
a rectti'ier unit, produce no hum voltages in the output because the hum 
currents flowing in the two halves of the primary balance each other. /(iii) 
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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 in 
put signal cycle, harmonic distortion will be produced, as explained in paragraph 4.3. 

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 equal 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 decreasing simultaneously in the out 
put of each valve. These equal in-phase currents will prr,du.ce no resultant flux. 

,OUTPUT CURRENT 
(VALVf. 'A') ----------, ------- 

'AC- -RESULTANT 
// '----FUNDAMENTAL '2..., HARMONIC 

+ 
INPUT SIGNAL 
VOLTAGE 

E.s 

VALVE 's' 

+ 

COMBINED 
OUTPUT CURRENT 
FROM YALVE.S .t.f._ 

'I ________ )., ---- 
OUTPUT CUP.RENT 

(VALVE B) 

FIG. 26. DISTORTION IN PUSH.J'ULL AMPLIFIER. 

Thus, the second harmonics, although present in the output of each valve, induce no volt 
age across the secondary winding of t.l-ie output transformer and, therefore, do not appear 
in the load. This applies to all even harmonics and even order comcdnataona , The 
pus~pull connection, however, does not eliminate odd harmonics, as their phase relations 

/in 
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in the two halves of the primary of the output transfonner 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 push-pull circuit, giving a high output power with 
low distortion. 

I• ,. 

FIG. 2]. 

1 3. NEGATIVE OR INVERSE FEEDBACK. 

VALVES IN PARALLEL PUSH-PULL, 

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- 

E 
duced and the gain of the amplifier, that is, Ts, will be correspondingly re- 
duced. This is termed Negative or Inverse Feedback and, despite the fact that 
it reduces the gain of the amplifier, 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. 

WITMOIJT FfWBACK 

WITH f'EfDMCK 

FIG. 28, 

f'R.EQUENCY 

.AMPLIFICATION VERSUS FREQUENCY CURVES, 

(ii) 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. 

/(iii) 
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(iii) A substantial reduction is effected in the hBrmonic 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 valve's crurracteristic. 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, 
CUITent feedback or Voltage feedback. 

CUITent Feedback. Fig. 29 shows a CUITent 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 al terna t 
ing voltage acting in the anode circuit of an amplifier valve is 18o0 out of phase 
with the signal voltage. This means that the alternating voltage developed across 
a ea thode 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 circuit. 

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 Re, Cc and Rg, the impedance on the stage to 
which feedback is applied is almost independent of frequency, so that the current 
output from Es is likewise almost independent of frequency. As this current flows 
through Rfb, across which it develops the feedback voltage, this feedback voltage 
will likewise be independent of frequency. Thus, the ~eedback voltage will not rise 
and fall with frequency, as may the voltage across Rg which is the output voltage, so 
that no improvement in the frequency response results from the use of this circuit. 

FIG. 29. CURREN'r FEEDBACK CIRCUIT. 
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Voltage Feedback, This arrangement, shown in. Fig. 30, is a real voltage feedback 
arrangement, in that R + Rfb in series are across Rg, the resistor across which the out 
put voltage is developed, Thus, the voltage across Rfb is a proportion of the output 
voltage, the proportion depending on the ratio of Rfb to R. This arrangement, there 
fore, will correct the frequency response as well as have the other advantages of neg 
ative feedback, 

Cc 

FIG, 30, VOLTAGE FEEDBACK CIRCUIT, 

14, TEST QUESTIONS, 

1 • Why is it necessary to provide separate voltage and power stages in an amplifier'? 

2, Explain how cathode bias is applied to an amplifier. 

3, Explain, using sketches, how the non-linear portions of a valve characteristic 
introduce distortion. 

4, What are the operating conditions for Class A amplifiers and why are these operating 
conditions necessary'? 

5, List the advantages of a push-pull amplifier. 

6, With the aid of diagrams, explain how a push-pull amplifier realises these advantages, 

7, What is meant by "Negative Feedback?" What are the advantages :;,f i ta use? 

8. What is meant by - 

(i) A resistance coupled amplifier, and 
(i:...J A tranaformer coupled amplifier? 

END OF PAPER, 
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1, INTROIDCTION. 

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 inductance-capacitance 
combinations, tuning forks and piezo-electric crystals, respectively. Up to tiul 
present, the oscillators in Can-ier Systems in uae in Australia employ ei the:r 
inductance-capacitance combinations or tuning forks. Before discussing the 
various circuits which will be encountered in practice, the general condi tiona 
necessary for the production of alternating current& and voltages of constant 
amplitude in such circuits will be dealt with first. 
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2. PRTI-iCIPLE OF OSCILLATOR. 

LONG LDIB EQUIPMENT I. 

2.1 Up to the present the anode current flow through a valve has been regarded as per- 
fectly regular - somewha t like a smooth, fluid flow. This is not a true concep 

tion, as the stream of electrons flowing from 
cathode to anode is made up of a series of 
particles rather than a continuous fluid flaw. 
This means that the electrons strike the anode in 
a manner somewhat resembling hailstones striking 
a roof, this action producing minute irregular 
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 
cuit tuned to that frequency could be placed in 
the anode circuit and would develop maximum 
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. 

TUNED 
CIRCUIT 

--11-~ 

OUTPUT 
VOLTAGE. 

TUNED CIRCUIT IN AHODE CIRCUIT. 

FIG, 1. 

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 Xc, as shovm in Fig. 2a. The majority of the resist 
ance present in an oscillator circuit would be the ra of the valve, which would 
nor-na.l Ly a.Imos t comp'Le te Ly destroy series resonance, 
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FREQUENCY 

(a) Series Circuit. 

FREQUENCY 

(b) Parallel Circuit, 

SELECTIVI'I"i CURVES, 

Note. R = Resistance in series with each circuit. 

2,3 On the other hand, the ra of the valve in series with a parallel circuit would aid 
the selective action of that circuit. This would be because a parallel circuit 
draws 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. 

/Of 
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Of' course, maximum current circulates in the parallel circuit at resonance, although 
minimum current is being drawn 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 oscillatory circuit 
through the valve and back to the oscillatory circuit must be o0, 360° or some 
integral multiple of 360°. As the valve is responsible for a phase shift 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 describ3d 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, \'/hen 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 
valve enable the oscillations to appear in the 
anode circuit in phase with the originals. These 
will ateadily build up in amplitude as successive 
cycles are developed and amplified, the limit 
being reached when the grid swings extend from 
anode current cut-off to saturation, 
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TUNED ANODE CIRCUIT. 

FIG. 3. 
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. 

TO MOO. 

TODEMOD. 

~ PRAC'TICAL TUNED ANODE OSCILLATOR. 
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I.ONG LINE EQUIPMENT I. 

Shunt feed is used to prevent direct current from passing through the tuning induct 
ances and transformer windings. The feedback and output resistors, Rfb and Ro, 
respectively, a.re 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. 

4. TUNED GRID OSCILLA.TOR. 

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 iITegulari ties produced by the shot 
effect at the grid give rise to oscillations in the grid 
tuned circuit. As in .Fig. 3, the phase relations between 
the anode and grid circuit oscillatory voltages are such 
as to maintain the oscillations. 
4.2 Another way of looking 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 
of this frequency will flow in the tuned grid circuit and 
voltages of this frequency will be developed across the 
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 360°, so that the general condition discussed earlier is fulf'illed. 

This type of oscillator is used to develop the base frequency of 4 kc/s in 17- 
channel carrier telephone systems. · 

- 
TUNED GRID CIRCUIT. 

FIG. 5. 

5. HARTLEY OSCILLATOR. 
5.1 The Hartley oscillator is widely used, as only a single coil with an intermediate 

directions of the grid to cathode and anode to cathode 
oscillatory voltages necessary for oscillation 
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 
the tuned circuit is in the direction indicated, 
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 ea thode, 
--- is opposite in direction to, or 1 &P 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 af the Hartley oscillator, the circuit being the oscil 
lator for some issues of the Type F single-channel systems. Here, again, shunt 
feed is used to keep the direct current out of tuning inductances, etc. Grid 
leak bias is employed. 

PRACTICAL HARTLEY OSCILLATOR. 
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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. 

FIG-. 8. 

7, FREQUENCY STABILITY OF OSCILLATORS. 

COLPITTS CIRCUIT. 

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/sis 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 4 
kc/s. Most of the carrier frequencies used in such systems are multiples of 4 
kc/s, and these are provided by distorting the 4 kc/s output from the base fre 
quency oscillator. The resultant distortion prodi..ces 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 transferrea 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 
place. In the tuning fork oscillator used in 
Type J and K systems, the tuning fork provides a 
resonant link between the anode and grid circuits 
via which the energy transfer takes place. As the 
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 
grid coil, the turns of which are linked by the 
flux produced by the anode coil. This voltage is, 
of course, ampl.Lf'd ed. by the valve. Fig. 9 shows 
the idea. 

TUNING 
FORK 

GIUO 
COIL 

TUNING FORK OSCILLATOR. 

FIG. 9. 
/8.2 
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LONG LINE EQUIPMENT I. 

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 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 out 
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 amplii'ying process 
and back to the source again must be o0, 360° or some multiple thereof. Just as the 
correct connection of the grid-cathode and grid-anode coils achieve this in the pre 
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 
turu.ng 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. 

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 4 kc/s oscillator, this distor 
tion producing harmonics of 4 kc/s, many of which are used as carriers. In the 
systems nentioned, the hannonic producing device, together with its oscillator, is 
referred to as the "carrier frequency generator. 11 

9,2 The essential circuit elements employed in the carrier frequency generator are shown 
in Fig, 10. 

HT 
TO TRANSFER 

CIRCUIT 

FIG. 10. MAIN ELEMENTS OF CARRIER FREQUENCY GENERATOR. 

The generated frequency of the oscillator valve is controlled by a 4 kc/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 amplii'ied in two stages to a value of about 4 
watts by the control valve and two power valves operating in a push-pull arr~ement. 
The control valve also acts in conjunction with an auxiliary transfer circuit (nof 
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 
amplii'ier valves. The series condensers C1 and inductances L1 are resonant at 4 
kc/s, and thus favour transmission of a pure sine wave of 4 kc/s current to the 
bridged coil L2, This latter coil, in conjunction with the condensers C2, produces 
odd harmonics of the applied 4 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 
Fig, 8. 

FIG. 8. 

7, FREQUENCY STABILTIY OF OSCILLATORS. 

COLPITTS CIRCUIT. 

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/sis 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 4 
kc/s. Most of the carrier frequencies used in such systems are multiples of 4 
kc/s, and these are provided by distorting the 4 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 transferreu 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 
place, In the tuning fork oscillator used in 
Type J and K systems, the tuning fork provides a 
resonant link between the anode and grid circuits 
via which the energy transfer takes place. As the 
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 
grid coil, the turns of which are linked by the 
flux produced by the anode coil, This voltage is, 
of course, amplified by the valve. Fig, 9 shows 
the idea. 

GltlD 
COIL 

TUNING 
fORJ(. 

TUNING FORK OSCILLATOR. 

FIG. 9, 

/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 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 
mechanicfl movement of the fork prongs. For example, when the prongs are moving 
outwardsl_they induce a voltage across the grid coil in a certain direction. This 
voltage_~s amplified, and the effect of the resultant flux change in the anode coil, 
producedJ._ by the amplified anode current flowing through it, must be to aid the out 
ward movrment 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 o0, _360° or some multiple thereof. Just as the 
correct connection ~f the grid-cathode and grid-anode coils achieve this in the pre 
ceding circuits, so the same precautions will maintain the tuning fork in oscilla 
tion in this circui. In some Type J and K systems, the selective action of the 
turJ.ng fork is aideaj by tuning the anode and grid circuits by shunt condensers not 
shOVJn in Fig. 9, 

9. MAGNETIC GENERATION OF A pRoUP OF CARRIER FREQUENCIES. 

9.1 As mentioned previou~ly, the carrier frequencies for Type J and Type K 12-channel 
systems are provide~ by distorting the output from a 4 kc/s oscillator, this distor 
tion producing harmonics of 4 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 essential circuit elements employed in the carrier frequency generator are shown 
in Fig. 10, 

wr 
TO TRANSFER 

CIRCUIT 

FIG, 10. MAIN ELEMENTS OF CARRIER FREQUENCY GENERATOR. 

The generated frequency of the oscillator valve is controlled by a 4 kc/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 push-pull arr~ement. 
The control valve also acts in conjunction with an auxiliary transfer circuit lnot 
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 C1 and inductances L1 are resonant at 4 
kc1/s, and thus favour transmission of a pure sine wave of 4 kc/s current to the 
bridged coil L2, This latter coil, in conjunction with the condensers C2, produces 
odd harmonics of the applied 4 kc/s frequency. /9.4 
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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. Thi.s 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 C2 is represented by the resistance R2, 

L r---.,----, 
I 
I 
I ---· 

CHARACTERISTICS OF NON-LINEAR COIL. 

FIG, 11, 

SIMPLIFIED CIRCUIT OF NON-LINEAR COIL. 

FIG, 12. 

One cycle of current set up by the 4 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 R2, This cur 
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 o~ 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 C2 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 
voltage the coil continues to act as a short-circuit, 
the condenser remains discharged and no current flows 
in the resistance R2, 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 C2 and resistance R2, Again, 
as soon as the coil becomes saturated the condenser 
discharges to cause the sharp positive peak of cur 
rent ef. An analysis of the curious current wave 
of Fig. 1 3b would show that included are all of the 
odd harmonics of the applied 4 kc/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 kc/s fundamental decreases with the 
"peaking," so increasing the amplitude of the harmonics, the arrangement producing 
harmonics which do not vary greatly in amplitude, 

X 

.CURRENT WAVE FORMS. 

(a.) 

(b) 

FIG. 13, 

/9.6 
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9.6 As indicated by Fig. 10, these odd harmonics are separated for use in the various 
carrier channels by means of filters. Even harmonics are obtained by means of a 
full-wave rectii'ier bridged across the output of the non-linear coil. This 
rectifier rectifies about half of the output from the non-linear coil and, in the 
ideal case, the rectifier output appears as a full-wave rectified 4 kc/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 4 
kc/s, this circuit produces the even harmonics of the 4 kc/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 
simplii'y the design of the selecting filters since it automatically separates arry 
two frequencies in either of the output circuits by 8 kc/s. 

10. GENERATION OF A GROUP OF CARRIER FREQUENCIES BY A MULTIVIBRA'IOR, 

10.1 In 17-channel systems used on cable circuits in Australia, a base ·frequency of 4 
kc/sis 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 
=ltiples, or harmonics, of 4 kc/s. In these 17-channel systems a sharply 
peaked wave form, rich in harmonics, is produced by passing the 4 kc/s output 
from the base frequency oscillator through a unit termed a "Mul tivibrator. 11 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 stage~. 

FROM 
4K.C. 
osc. 

q 

-- I• I • • - • +130Y 
-24-V 

+130V 

b C 

FIG. 14, MAIN ELEMENTS OF MULTIVIBRA'IOR 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. 14.a, 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 combil'lation, R-C, the resistance being 
shunted by a metal type rectifier. The purpose of the R-C combination is to produce 
a sharply peaked 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. 15d. 

X I ly I I r- +iill (a) - \_ (b) 

+c- w(d) 
H
1_)l• f (cl 

FIG. 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 reversP, 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 half-cycles 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. 14d 

/represent 
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represent the shape of the voltage wave applied to it. This wave has a fundament 
al frequency of 4 kc/sand, 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~ 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 11 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 valve and amplified. Thus, V3 further sharpens the wave 
shape and half-wave rectifies it, the result being a fundamental frequency of 4 
kc/s plus harmonics up to a very high order. The output of the rrrul ti vibrator unit 
is pas sed to a number of filters which select the required carrier frequencies. 
Each 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?~ 

4, Explain how the no -linear coil of the carrier frequency generator for 12-channel 
systems fulfils is functions. 

5. How are the carrier frequencies produced in 17-channel cable carrier systems? 

END OF ·PAPER. 
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1. INTRODUCTION. 

1.1 In Paper•No. 2 of this book it was shown that modulation is the process of translat 
ing the voice frequency band into a band of higher frequencies by means of suitable 
circuit 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 translation 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 non 
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 ampli:fier. 

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, 
400 to 6 ,ooo c/s - twice the original Voice Frequency band, 
600 to 9,000 c/s - three times the origina.l 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 ,OOO - 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 caJ:Tier frequency, the resultant output containing bands of fre 
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/sand voice frequency voltages in the band 
200 to 3,000 c/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 - 

fv, this being the band 200 to 3,000 c/s in this case. 

fc, the carrier frequency of 10 kc/s. 

2fv, this being the band 400 to 6 ,OOO c/s and containing second harmonics 
of the voice frequencies. 

2fc, this being 20 kc/s, the second harmonic of the carrier frequency. 

fc + f:v, this being the upper sideband, 10.2 to 13 kc/s in this case. 

fc - fv, this being the lower sideband, 7 to 9.8 kc/a 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 suitable caJ:Tier 
frequency to a non-linear circuit element. The action of this element produces new 
frequencies amongst which are the upper and lower sidebands, one of these bands beir.g 
the frequency range to which it was originally desired to translate the voice fre 
quency band. 

3, CIRCUIT ELEMENTS USED Ill MODULATORS. 

3.1 From what has been dealt with above it will be seen that the circuit elements employed 
in modulators must have a non-linear response. Suitable ·elements are thermionic 
valves (suitably operated) and metal type rectifiers. 

3.2 Fig. 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 non-linear grid current versus grid voltage curve could 
be used as it is in the modulators of S.T.C. progr8lll!Ile carrier systems. When metal 
rectifiers are used, as they are in all modern carrier systems, the non-linear 
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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(a.) Valve Characteristics. (b) Metal Rectifier 
Characteristic. 

FIG. 1. CHARACTERISTIC CURVES. 

4. MODULATORS EMPLOYING THERMIONIC VALVES. 

4.1 The simplest form of valve modulator employs a single valve, as shown in Fig. 2. 

CARRIER 
VOLTAGE 

OUTPUT 

I I I 
I I I JOLTAGE •• I 
I LIMITS I 

FIG, 2. srnGLE VALVE MODULATOR. 
, 

4,2 

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. 

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 side band and the 
highest frequency of the lower sideband lie only 200 c/s away from the ca..rrier 
frequency. This means that the band-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 this-. In practice, the filter design iH simplified 
by using a push.-pull arrangement which eliminates the carrier ~h the wirrlings of 
the output transf'ormer, just as even harmonics are eliminated in the windings of 

/the 
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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 puah 
pull amplifier. 

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 push-pull action of the modulator. As the grids are biased 
back into the lower bend, harmonics and side band 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 harmonics of the 
a~dio freque~cy to be applied to the filter for selection. 

4.3 Modulators employing the gr-id current versus grid voltage characteristic operate .vith 
zero bias, as shcvm in Fig. 4. 

AUDIO 
INPUT 

l'J 

- 
CAaR.IEi. 

~- GRlD 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 audio frequencies in the grid current. This current flawing through the impedance 
of the grid circuit produces a voltage drop across that impedance, so that voltages of 
the sideband frequencies are developed across that impedance and applied across the 

/grid 
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grid and cathode of the valve with the carrier and audio voltages. These s Idebard 
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 RF,CTIFIERS. 

5.1 In all mod.em 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 aeLen-, 
ium rectifiers. The operation of both types is similar, and the tenn "Metal 
Rectifiers" may refer to either. 

5. 2 The use of metal rectifiers as mod.ula tors dispenses with the necessity to use thenni 
onic valves but, as the input levels it is permissible to apply to metal rectifier 
uni ta are somewhat restricted, they must be followed by an amplifier. This, of 
course, =t 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 earrier systems as they result in considerable 
saving of space. 

The main advantages of metal rectifier modulators and demodulators are - 

(il ( .. 
(i~~ 
(iv 

Greater stability and reliability. 
Economy of space. 
Reduced maintenance costs. 
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 c:i.rcui t 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 - 

(i) 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 app.l.Led , The rectifiers are conducting 
to the positive half-cycles of ca.n-ier, as shown in Fig. 5b, and blocking to the 
negative hali'-cycles as shown in Fig. 5c, Thus, only positive half-cycles of 
carrier current flow through X and Y, the two p:cimary windings of the output 
transformer. These positive half-cycles, shown in Fig. 5d, flow through X and Y 
simultaneously 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 reason 
ing, the carrier voltage does not appear across the primary winding of the input 
transformer, although carrier current flows through the secondary windings, 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 modulating audio volt 
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 hall-cycles of carrier current flowing through MRA and X will increase in ampli 
tude, vrhils t those through MRB will decrease in amplitude with the audio voltage, as 
shown in Fig. 5g, During the negative half-cycles of audio voltage, Fig, 5f, the dir 
ection of the audio voltage is reversed and the amplitude of the positive half-cycles of 
carrier current flowing through MRA and X decreases, whilst the amplitude of those flow 
ing through MRB and Y increases, as shown in Fig, 5g, The d.ii'ference 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 transfonner. 

Some idea of the frequencies contained in Fig. 5h can be obtained by drawing a zero line 
through the points corresponding to one-hali' of the amplitude of each half-cycle con 
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 mathematical analysis or 
a practical experiment would show that the output of Fig. 5a above contains the upper 
and lower sidebands, the modulating voice frequency and harmonics introduced by the 
hali'-wave rectifying action of the rectifiers. 
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5,5 Fig, 6 shows the circuit and operating principles of a double balanced modulator extens 
ively used in carrier telephone systems, 

MRA 

AUDI~ 

INPU=.__J 

CAltRIElt 

(a) 

CARRIER THROUGH 
MRDANDY / 

'\ 
CARRIER. THROUGH 

MRBANDY -~--- 
(c) 

OUTPUT 

(b) 

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 rectif'ier MRC behaves as does MRA for the 
positive half-cycles 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 contain :full cycles instead 
of hal:f'-cycles, as indicated in Fig, 6b. The di:f'ference between these currents, 
Fig, 6c, 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 shovm in Fig. 6c, The di:f'ference 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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6.1 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 val, ves , 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 a".!plifiers used in multi-channel 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 non-linearity of the valve elements. 

7,3 The intermodulation produced by the non-linearity of amplifier valves was one of the 
main reasons for limitin~ 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 1 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 volt 
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 half-cycle of speech rises above the permissible limit the neon lamp 
11 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. 

AUD:7 

IWP:_J [

DULATOll 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 transfonnation) 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 co~.fined 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 c/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 
su.m 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 pri~ciple. 

FIXED 
FREQUE~CY 
OSCILLATOR 

VARIABLE 
FREQUENCY 
OSCILLATOR 

MODULATOR. L.P.FILTER 

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 c/s is required the operator merely adjusts the tun 
ing condenser of the variable frequency oscillator to 1 ,OOO 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 emploving this principle is that a single oscillator capable of being 
tuned over a wide r

1

ange would require several sets of adjustable tuned circuits to 
cover the wide ran~e. The design and operation of the oscillator are considerably 
simplified by the procedure outlined above. For example, with a fixed frequency 
oscillator of 650 ~c/s a variable frequency oscillator capable of being tuned from 
500 to 650 kc/s o~r is required to cover the band 0-150 kc/s. This represents a 
narrow band capabll of being provided comparatively simply, as compared with a cir 
cuit capable of be'ng tuned from Oto 150 kc/s. 

TEST QUESTIONS. 

1. What is meant by modulation as applied to a carrier telephone system? 

2. Explain, in general terms only, how modulation is achieved in carrier telephone 
eyst=. 

3, What is the advantage of suppressing the carrier in a modulator'? 
is achieved in a valve modulator. 

Describe how this 

4. Explain, in general terms only and with the aid of sketches, the operation of a 
balanced modulator employing metal tyPe rectifiers. 

5. What is the difference between the output of a balanced modulator and a double 
balanced modulator (metal rectifier tyPes)? 

6. Why is a voltage limiter necessary when metal rectifiers are used as modulators? 
Explain how a limiter employing metal rectifiers functions. 

7, Explain, with a block schematic circuit, the operation of a Beat Frequency Oscillator. 

END OF P.APER. 
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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 d:ii'ferent conditions of employment will 
serve to illustrate the na.ture 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 I traffic. The exchange load varies 
considerably from hour to hour, and the permissible voltage variation is usually 
of the order of t ~. 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 oonstant over the f'u1.l 24 hours, the 
only variations being those due to voice frequency telegraph circuits and the 
occaai.onal 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 characteris ties, which reeul t :from varia. tion in 
supply vol ta, 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. 21+ - Filament heating and Regulated to 21+ t 0.25 
miscellaneous relay volts for filament cir- 
circuits. cuits. Unregulated 

for miscellaneous cir- 
cuits. 

Normal anode or Plate Battery. 130 + Anode potential Regulated to 130 t 2 
volts. 

Special A.node or Plate Battery. 200 + A.node potential Regulated to 200 i 2. 5 
volte. 

Telegraph Batteries. ~130 + Send and receive 130 t 2 volts. 
130 - loops telegraph 

systemB. 

Alternative Telegraph Batteries. ~120 + Send and receive 120 t 2 volts. 
120 - loops telegraph 

systems. 

2.2 A 200 volt, or greater, anode potential is seldom used for carrier equipment. The 
question of the advantages to be obtained (particularly amplifier gains) by employ 
ing anode voltages in excess 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, al though 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 law 
anode volts. 

In equipment designed in recent years, some slight improvement in amplification and 
power handling capacity has been achieved by using 1,54 volts on the anode, this 
being obtained by returning the 130 volt battery to earth via the 21+ 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) - as volt 
age and power amplifiers, respectively, in Type J, K, CS and CU carrier equipment. 

/3. 
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3. TYPES OF POWER PLANT. 

3.1 The general long line equipment power plant arrangements may be divided into two main 
classes - 

(a) Where reliable commercial mains power supply (alternating current 
or direct current) is available. 

(b) Where commercial mains power supply is not available. 

3.2 (a) Where reliable corranercial power supplies are available, it is usual to provide 
for the use of regulated float operation enploying duplicate batteries. Such 
factors as reliability and constancy of commercial supplies, space available 
in existing buildings and maintenan::e requirements tend to affect the choice 
of plant adopted. The following details indicate the arrangements usually 
used - 

Staffing Power Plant Installed 
Arrangements 

For Normal Working For emergency (that 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 genera tor set for 
:floating purposes. 

Unatterrled at night As above. As above, but engine arranged 
and week-ends. to start automatically. 

Unattended except Rectifiers and floating Automatic change-over to separate 
for periodical batteries. batteries having sufficient 
maintenance visits. capacity to maintain service 

for 24 hours. 

Note. The introduction of selenium rectifiers, with resultant increased outputs 
consistent with reasonable size and cost of rectifier elernents, 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 conmercial 
mains 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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Power Plant Ins tailed. 
Staffing 

Arrangemen ta 
For Normal Working For Emergency ( that is, fail- 

ure of normal charging plant) 

Unattended at nights Hand started petrol or diesel Duplicate engine set or wind 
and week-ends. engine direct coupled to 24 driven generators. 

and 130 volt generators - 
duplicate batteries on charge- 
discharge operation. 

Unattended. Automatically started petrol Duplicate engine alternator 
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 21+ and 130 volt supplies has 
sufficient capacity for at least 24 hours' operation. 

4. FLOATING BATrERIES. 

4. 1 As mentioned previously, when reliable cormnercial supply mains are available it is 
usual to provide duplicate batteries and employ a floating procedure. In such a 
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. In the charge-discharge 
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. The disadvantage of thia scheme is that 
two batteries with a capacity sufficient to cover the requirements for a 21+ hour 
period are necessary. Also, to charge either of these batteries in the usual period 
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 for each 
battery to supply the load for 48 hours , thus further increasing the size of the 
battery and its associated power plant. 

4,3 By adopting the floating procedure an extensive reduction in the size of the batteries 
and their associated power plant' is brought about. When no emergency plant is avail 
able, the capacity and, therefore, the size of the batteries are reduced by half. 
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. Thus, the full capacity 
of each battery is available in the event of an emergency. When emergency charging 
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 - 

/(i) 
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(i) Smaller size batteries with consequent reduction in initial cost and 
floor space. 

(ii) Longer life of batteries owing to the elimination of strain on the 
pla tea 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. GENERA'IOR RIPPLE. 

5.1 The introduction of regulated floating operation has created one difficulty which is 
not present with the charge-discharge method of working, namely, the introduction 
of audio frequency ripple from the generators or rectifiers to the equipnent 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 speci:fications for 
floating tyiie generators and rectifiers. It is invariably necessary to employ 
smoothing circuits, consisting o:f choke coils and electrolytic condensers, in 
association with such charging equipnent in order to reduce ripple voltages to 
the specified limits. 

5.2 The permissible limits of ripple from generators are specified as follows - 

(a) Noise measured across the generator tenninala without smoothing empment 
IIIUSt not exceed that noise equivalent to 2 millivolts R.M.S. at c/s 
:r,r direct current volt generated at :full load current. 
tThe 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 busbars in 
the long line equipment room are - 

35 Volt Generators. When floating across the filament battery via the 
smoothing ai.rcui t, the noise measured at the busbars in the repeater room 
must not exceed that equivalent to 0.5 millivolt R.M.S. at 800 c/s at any 
value of current from quarter to full load. 

180 Volt Generators. Similar to above, except fuat the noise measured 
IIIU.8t 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 equiprrent 
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 snosn 
in Fig. 1. 

/Fig. 1. 
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SMOOiltlNJ 
EQU1PM£MT 

LOAD 

X INDtem5 POSITOI ~ POWlR BMRD 

~. POWER CIRCUIT FOR U>NG LINE EgUIPMENT. 
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 minimum. The reduction of 
inductance is important 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/s measured with an Owen Bridge. The reactance of a 20 
microhenry inductor at 800 c/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 approximately 1,000 c/s of equal amplitude. 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/s. 
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The "weighted" values indicate the amount of disturbance caused at different fre 
quencies relative to that at 800 c/s for equal values of disturbing voltage, for 
example, the disturbance at 200 c/s would be only 0.1 of tba t at 800 c/s. 

6. AUTOMATIC VOLTAGE RmJLA.TION. 

6.1 The most important requirement to ensure the success of a continuous float battery 
scheme is the application of a constant voltage from the floating generator or 
rectifier. This permits 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 some automatic 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 VoUmeters operating regulating resistors via reversible rooters, are 
WJ.der consideration. In addition, there are many types of Regulated Rectifiers 
available 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), 
of this type of regulator is shown schematically in Fig. 3, 

The application 

w•tN r--7--7 IIWN SEJU!S 
I CARBON Pili (5) 

~ 
I 

24VOLT 
REPUT1lt 1'11.Ah'l!Nf 

BUS-BARS 
I 

DernNCi 
COILOI" fllOT 
"lGULA10A 

D~TIC C.IBCUIT OF tJSE QF CARBON PILE. .AlJTOMATIC VOLTAGE REGULATORS. 

(Note. In the case of the pilot regulator, an increase of current through its 
ex.citing coil will cause a decompression of its carbon pile, with a resulting 
increase of rea:istanoe. The revm-se is the case in the main regulator.) 

F:m. 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 naf,n regulator con-e 
sists of a pile of carbon discs, the mechanical compression of which is controlled 
by the position of an armature rotating between the poles af an electromagnet. 
The initial compression is obtained by a spring, which has a torgue opposing that 
exerted by the a.rma.ture when the latter is being influenced by the field of the 
electromagnet. The electr~gnet 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 voltage at this point alters, the correct fielo 
strength will no longer obtain and the armature will rotate with a reaulting change 
in carbon pile resistance until once again the desired voltage exists. The arma 
ture now comes to rest, due to the state of equilibrium existing between the forces 
exerted on it, /Usually 
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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 sensitive. 

The pile of the main regulator will carry 25 amperes, and three can be connected in 
parallel to give a maximum current carrying capacity of 75 amperes. 

The overall regulation obtained is± 0,25 volt for 24 volt supplies and i 1,3 volts 
for 130 volt supplies. 

6-3 Vibrating Contact Regulator. A regulator of this type is shown schematically in Figs. 
4a and 4b. The contacts K and H are vibrated by the eccentrics which are belt driven 
from the generator shaft. The contacts alternately short-circuit and insert a resist 
ance in the field circuit of the genera tor. 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 short.circuited contacts Hand 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 lifts 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. 

RESISTANCE 
INl'IELD 
CIRCUIT 

• ~CONTACTS 

~ECCENTRICS 

-----H---- CHANGE-OVER 
SWITCH 

PIELDOFGEN. 

GEN.ARM 

108"TTBCY 

(e) Diagrams of Connections. 

SOLENOID 
MOVING CORE MECHANICALLY 

CONNECTED TO H CONTACTS 

w 

f.CCENTRIC 

SATTERY ~---~•I----~---~ 
(b) Simplified Circuit of Vibrating 

Contact Regulator. 

FIG. 4. VIBRATING CONTACT REGULA'ltlR. 
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This regulator allows a± 0.5 volt variation in 24 volts and at 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 f'or 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 apparatus. 

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 f'or positive 
telegraph battery drains in small ins tall a tions, 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 often derived from 120 volt positive and 
negative direct current generators direct coupled to a corrrrnon motor, It is 
necessary that the generator impedance be very low (less than 1 ohm) to avoid inter 
ference between circuits. 

8. UNRFn-ULATED 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, WilID DRIVEN GENERATORS. 

9, 1 In remote locations, where conditions are 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 pre13ence 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 oommence charging at wind velocities of 5-6 miles per hour and 
charge at 5<$ rated output at wind velocities of 8-10 miles per hour. The mill is 
housed in a 40 ft. 4-posted V-shaped steel tower, separate towers being er-ec ted for 
24 and 130 volt generators. Generator maximum capacities are 35 volt-60 amperes 
and 100 volt-12 amperes. 

9.2 Eguiprnent 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 eff'ected 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) Main drive by wedge shaped belts running over a plain face pulley. This form 
of' drive reduces wear and overcomes alignment dif'ficul ties 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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10.1 Metal rectifiers in general use consist of a disc of pure copper coated on one side 
with a thin layer of' cuprous oxide, This la;y- 

OXIDE er is approximately one-thousandth of' an inch 
thick and is deposited on the surf'ace of' the 
copper by a series of heat treatments. The 
oxidised disc has the peculiar property of 

WA5HfR.......__ ._. 5 conducting a current of' electricity in the 
direction of' oxide to copper, but not ih 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. 

- 
1£5. 

!!!9!t.¥.5· 

FIG. 5, 

SYMBOL 

COPPER..OX]l)E R]X)TIFIER, 

A single copper oxide element is shown in 
Fig. 5 , together with the standard symbol. 

This Paper will cover the power applications 
of the metal rectifier. Other applications 
are to be found in other Papers of Long Line 
Equipment I, II and 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 vertical ordinate on the 
left to illUBtrate 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 approximately 
4,000 ohms, 
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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; there 
fore, except for very light loads, series parallel groups are used. Rectifier 
discs are connected in series where a high voltage is to be oonnected 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 any 
single disc, so that a 24 volt application would require at least five discs in 
series. If commercial 3/4 ampere discs were used this combination would give 
3/4 ampere from tile 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 oxide 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. 
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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. 

$PAC.ER 

7
- 

Ac.TIVE. 
DISCS 

LEAD ' COOLING 
FIN 

\'SPRING 
INSULATOR 

FIG. l• MECHANICAL ASSEMBLY OF MET.AL RJOC:TIFIER. 

10.6 

10.7 

10.8 

A number of oxidised copper discs are arranged on a spindle from which they are 
insulated by a non-conducting sleeve. Lead washers are inserted between discs to 
preserve intimate oontact with the copper oxide, whilst metal spacing pieces and cool 
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. 

Copper oxide rectifiers suffer a rapid decrease in the amount of current they pass in 
the :first three or :four months o:f use. This deterioration is called "aging." The 
decrease in initial output does not usually amount to rrore than 2~, however, and 
this is anticipated in tlle 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 a.ging and may destroy the rectifying action of the discs. The diameter 
of the elements governs the current rating and the number of plates governs the 
reverse voltage which can be applied. 

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 mean one unit consisting 
of 12 "A" type discs. Normally, the ends are of opposite polarity but, in certain 
cases, thiB 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 manner that both ends are either 
negative or positive. 

The unit largely used in circuits is the one designated. 1/12A and, ~enerally, this unit 
has a red disc at one end. This is the copper terminal (positive), and the negative 
battery must be connected to this terminal to obtain forward current. When carrying 
a forward current of 50 milliamperes, the resistance of this unit is approximately 40 
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 potential decreases. 

/10.9 
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1 O. 9 The maximum saf'e working reverse voltage recommended by the manufacturers is 5 
volts per disc, but this figure applies only to its use as a rectifier of 
al tern.a.ting current. Experience has indicated that where a unidirectional poten 
tial is applied for long periods a saf'e 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 filr:TIFIERS. 

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. 

D.C. OUTPUT 

!.m;J. 

RECTIF'IER 

SIMPLE CONVERTER USING HALF-WAVE RECTIFIER AND FILTER CIRCUIT. 

Alternating current is connected to the primary winding of a tra.-isfonner (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 con 
verter. The transformer output is pasaed 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 choke or 
inductance and a shunt capacity, The resultant current is approximately normal 
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 half-cycle, thus tending to maintain the direct current. 

11 .2 Full-wave rectification can be obtained by connecting a number of rectifiers in 
the form of a bridge as shown in Fig. 9, This me thod is generally adopted with 
metal rectifiers, 

i ~ o+ 

D.C. OUTPUT 

FULL-WAVE METAL REJTIFIER (BRIIC-E CONNECTION). 
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Thl action of the Bridge Rectifier may be seen from the diagram. A positiv::::~• 
from the line transformer in the direction of the arrow passes through rectif'ier A, 
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 rectif'ier and strict requirements of smooth 
ing are specified, the best type of rectif'ier is the 3-phase full-wave rectifier us 
ing copper oxide discs as shown in Fig. 10. 

A.C. 
INPUT 

(a) A Full-wave Bridge Connected Rectifier 
Three Phase Supply (Unsmoothed). 

"'"'--A.C. ZERO ~.C.VOLTS}\ ~ X (PHASE 1) < 7~ ..•. 

D.C.ZERO~ 

(b) Voltage Wave Form - Resistance Load. 

FIG. 10, 

11. 3 Efficiency of the Metal Rectifier Converter. Assuming the efficiency of a metal 
rectif'ier converter to represent the ratic of the direct current watts output com 
pared to the watts input measured on a wa ttmeter, the efficiency would be from .5c% 
to 6(% 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 nDW 
being made of mains operated equipment, strict requirements for purity of output 
rrrust be specified. In many 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 (a Psophometer) 
which discriminates against different frequencies according to their disturbing 
effect upon the ear. Thus, a large voltage of a harmless frequency might be pr-esent 
in the output but the instrument is so ar-r anged 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. 

/Each 

--------------------------·- -- 
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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 contairul mostly 50 c/s ripple, whereas the greatest trouble in the case of a 
full-wave single phase arrangement comes from a frequency of 100 c/s. Similarly, in a 
3-phase half-wave rectifier the predominant 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 c/s note in the output of the 3-phase rectifier 
would immediately indicate trouble either in the mains or the grouping of components. 
Unbalanced mains would allow a 50 c/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 takes 
place between the charging of one battery and the discharge circuits of the other 
battery. This requirerrent 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 be 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 
direction and will permit its associated conden 
ser to be charged. When under no-load conditions, 
condensers A and B charge during successive half 
cycles, and double the supply voltage is 
obtained across the terminals. On a load being 
connected, during the half-cycle indicated by 
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 increased 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 
capacity 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 that a high voltage is not impressed across the trans- 

A 

B 

A 

B 

D.C.. 
OUTPUT 

FIG, 11, VOLTAGE OOUBLER CIR.CUTI. 

farmer 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 amplif'i 
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 diagram. 

/ Fig. 12. 
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12. TEST.gUESTIONS. 

1. Enumerate the advantages of floating batteries as compared Yri. th a charge-discharge 
routine. What diITiculty is created by the use of' floating? 

2. What is the permissible limit of noise measured at the busbars in a long line 
equipment room? 

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 .f'u.r:darnental 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. (a) 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 manner 
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 circui -t:? 

(c} What would you consider to be a reasonable percentage of ripple voltage? 

(d) Neglecting losses in the smoothing equipment and transformer, what percentage 
efficiency would you expect in the rectifier uni-t:? 

END OF PAPER. 
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