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Compafifa Standard Electric S.A.C. completed this new factory in Santiago, Chile, in December, 1945. In addition to �the 

manufacture of radio and telephone equipment, the company also serves as installer for the Compafi.ia de Telefonos de Chile. 
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Angola Radio Network 

By CARLOS PELAEZ 

Standard Electrica, Lisbon, Portugal 

NGOLA, a Portuguese colony on the 
west coast of Africa, is situated between 
the Congo and the Cunene Rivers. It 

thus lies between the 6th and 18th southern 
degrees of latitude and is also between the 1 2th 
and 24th degrees of east longitude. The coastal 
province of Cabinda is an enclave in Belgian 
territory just a short distance north of the 
Congo River. 

The coastal belt of Angola has a tropical 
climate. The interior regions, however, are gen
erally at an altitude of between 2000 and 5000 
feet above sea level and enjoy a more moderate 
climate. The highest region is in the Huila 
district in the southwest part where the city of 
Sa da Banderia is located. The total area of the 
colony is 1,250 ,000 square kilometers ( 480,000 
square miles) with some 1000 kilometers (625 
miles) of coastal belt. The white population 
numbers about 50,000, and there are approxi
mately 3 ,700,000 natives. 

Luanda is the capital and at the head of a 
railway running about 450 kilometers (280 miles) 
inland to Malange. The white population of 
Luanda is 8000. The second town of importance 
is Lobito, which is a terminal of the principal 
railway traversing the colony from west to east 
and joining Angola with the Belgian Congo and 
Elisabethville-Cape Town railway. 

Angola exports cotton, sugar, palm oil, other 
agricultural products, and diamonds, the latter 
being an important factor in the economy of the 
colony. 

1. Communications Within the Colony 

The communications problepi was to provide 
a service to link 2 1  specific places scattered 
throughout the colony as shown in Fig. 1 .  
Economic and geographic conditions did not 
favor the use of physical circuits, and a radio 
system offered a practical solution of the problem. 
It was agreed that both radiotelegraph and radio
telephone service would be provided to the 

various centers, which are separated by distances 
varying between 140 and 700 kilometers (88 and 
438 miles) . The operation of the system has been 
adjusted to accord with the amount of traffic, 
and the power of the various transmitting m
stallations reflects these conditions. 

2. Communication With Ships 

The coastal stations are designed to com
municate with ships at sea as well as with the 
balance of the land network. The Luanda and 
Lobito stations are considered to have a range 
of 1000 nautical miles when operating in the 
band from 100 to 1000 kilocycles per second. In 
the same band, the Cabinda and Mossamedes 
stations are rated at 500 miles. The Santo 
Antonio do Zaire, Novo Redondo, and Baia dos 
Tigres stations carry but relatively small traffic 
and have a range of 300 miles. 

All of these stations are, of course, equipped 
with high-frequency transmitters, which will 
permit much greater ranges in operating with 
ship stations and land stations in Angola. 

3. Aircraft Communication 

In addition to the marine and overland com
munication facilities, all of the transmitters are 
arranged to permit operation at the frequencies 
assigned for aircraft communication. 

Luanda and Lobito are equipped with EL-4 
transmitters having a rating of 1500/375 watts. 
Cabinda and Mossamedes use EL-1 transmitters 
rated at 500/1 25 watts. The transmitters at 
Santo Antonio do Zaire, Novo Redondo, and 
Baia dos Tigres are of the ESL-SO type of 500/1 25 
watts. All high-frequency transmitters have 
been provided with a channel for aircraft com
munication. 

4. Adcock Direction Finders 

Six direction-finding installations of the 
Adcock type have been made near the airfields 
at Luanda, Cabinda, Lobito, Mossamedes, 
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The high-frequency 
receiving room at 
Luanda. 

Luanda, the capital of 
Angola, has higher
powered transmitters 
than any of the other 
stations. The receiv
ing building is shown 
with the antenna sys
tems used for both 
low and high fre
quencies. 

The transmitting room 
at Luanda showing the 
CS-2 transmitter in 
the background, the 
HS-1 equipment at the 
right, and the control 
desk in the foreground. 
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5. Equipment Nova Lisboa, and Vila Henrique de Carvalho. 
They are associated with the local radio stations. 
Further consideration is being given to the 
establishment of a special network for aeronauti
cal communication. 

Despite wartime problems, the 2 1  stations have 
been completed. Each station includes the neces
sary transmitting and receiving equipment, power 
supplies, antennas, and essential terminating 
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Fig. 1-Angola radio network linking 21 places scatt�red throughout the colony. pabinda, on the nor�en;i coas�, is 
separated from the main territory by part o� th!:'. Belgian C�ngo and. th� Col!-go .River. The co�stal region is tropical 
and all equipment must be capable of operattng m such a climate. The mtenor 1s at an elevation between 2000 and 
5000 feet above sea level, which brings about a considerable improvement in the climate. 
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apparatus. All equipment was supplied by 
Standard Telephones and Cables, Limited, of 
London, with the exception of the diesel-engine
generator sets and power boards which were 
supplied by the British manufacturer, Ruston 
and Hornsby. 

For the interior service, Luanda, Lobito, Nova 
Lisboa, Vila Luso, and Mossamedes are con
sidered to be of greatest importance. At Luanda, 
a 1 -kilowatt high-frequency transmitter type 
CS-2 is used to cover all points in the colony and 
for possible broadcasting services. Three HS-1 
transmitters of 250-watt rating are provided for 
other traffic requirements. The other four ·towns 
are equipped with ES-4 transmitters rated at 
1000/400 watts. 

Santo Antonio do Zaire, Novo Redondo, and 
Baia dos Tigres are equipped with ESL-SO trans
mitters of 500/125 watts, which are adequate for 
their relatively minor amount of traffic. 

All of the remaining stations have been 
equipped with 250/250-watt transmitters of the 
HS-1 type. 

Terminal equipment of the TOP-9 type has 
been installed at Luanda to permit connection 
between the radiotelephone equipment and the 
local telephone network. At other places, this 
facility is provided by the use of 4-wire operation 
from a public telephone booth. Voice-operated 
carrier suppression quiets the transmitter during 
periods of reception. All of the principal stations 
have been equipped with B-2 privacy equipment. 

6. Results 

6. 1 HIGH-FREQUENCY OPERATION 

The specifications required that most stations 
be capable of communicating with the main 
station of each group. Tests have shown that any 
station in the network is capable of communicat
ing with any other station, a condition that was 
specified only for the Luanda installation . 

This results in much greater flexibility of 
operation and an increase in the traffic-carrying 
capacity as relaying from the smaller to the main 
stations is unnecessary. 

Although nothing was included in the specifica
tiorn> regarding communication by high fre
quencies with places outside of the colony, 
Lobito maintained satisfactory contact with 
modulated continuous waves and telephony with 
Lourenyo Marques at a distance of 2500 kilo
meters (1560 miles) and with planes in flight over 

any part of the colony as far as Lourenyo M ar
ques. Mossamedes is also able to communicate 
on modulated continuous waves and telephony 
with Lourenyo Marques and with St. Thomas 
Island. Luanda, with a higher power than any 
other station, has communicated over even 
greater distances ; it operates with Leopoldville, 
Pointe Noire, and St. Thame. 

During the return voyage of the writer from 
Angola to Europe on the S.S. Mousinho, radio
telephone tests were made at distances up to 
2000 kilometers (1250 miles) to Nova Lisboa and 
Lo bi to. 

6.2 MEDIUM-FREQUENCY OPERATION WITH 
SHIPS 

For operation with ships at sea, the specifica
tions required a range of 1000 nautical miles for 
Luanda and Lobito, 500 miles for Cabinda and 
Mossamedes, and 300 miles for St. Ant�nio do 
Zaire, Novo Redondo, and Baia dos Tigres. 
Tests made from the first two stations with ships 
were successful over distances up to 2650 kilo
meters (1 680 miles) and overland with Tan
ganyika at 2 160 kilometers (1350 miles) . Lobito 
and Mossamedes maintained communication 
with the S.S. Mousinho on a voyage from 
Lourenyo Marques to Lobito. 

Although no specifications were included on 
radiotelephone service for these stations, tests 
so far carried out from Mossamedes, which is 
required to have a range of 500 miles on radio
telegraphy, have resulted in communication well 
over 900 kilometers (560 miles) on radio
telephony. 

7. Wartime Difficulties 

The chief difficulties encountered resulted 
from the outbreak of war and affected not only 
the supply of equipment from England but also 
the means of transportation both to the colony 
and within Angola. Deficiencies in staff were 
similarly encountered. 

Despite these handicaps, 2 1  complete stations 
were erected and include 25 transmitters, 5 1  
receivers, steel antenna masts , cables, motor
generator sets (some in duplicate), together 
with terminal equipment, dry-type rectifiers, 
storage batteries , and a large quantity of auxili
ary material. All of this equipment and supplies 
were provided by Standard Telephones and 
Cables, Limited. 
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Pulse�Count Modulation 

By D. D. GRIEG 

Federal Telecommunication Laboratories, Inc., New York, N. Y. 

DV ANT AGES of pulse transmission in
clude the use of time-division multiplex
ing, absence of cross talk introduced by 

nonlinear circuit elements, and improved trans
m1ss10n characteristics. Modulating methods 
may involve variation of such pulse character
istics as amplitude, frequency, width , and timing. 
Pulse-count modulation, sometimes called pulse
code modulation, is based on the printing-tele
graph binary code to indicate the amplitude of 
the modulating wave from instant to instant. 
Thus, to the discrete sampling of a modulating 
wave in a time dimension is added a discrete 
sampling of the amplitude of the wave. Elec
tronic methods of coding and decoding the in
stantaneous amplitudes of audio-frequency mod
ulating waves are described. The system permits 
the advantages of the printing telegraph to be ex
tended to voice transmission. Substantial im
provements in signal-to-noise ratios, cross talk, 
threshold values, and other transmission factors 
are indicated. These improvements have been 
verified under operating conditions. 

·within recent years, a wide variety of modula
tion methods utilizing short bursts or pulses of 
energy have been developed. These methods have 
found application to a large number of systems 
including telephony, radio relaying, telemetering, 
and broadcasting.1-6 The particular properties 
that have made pulse modulation attractive for 

1 E. M. Deloraine and E. Labin, "Pulse Time Modula
tion," Electrical Communication, v. 22, n. 2, pp. 91-98; 
1944. 

2 F. F. Roberts and J. C. Simmonds, "Multichannel 
Communication Systems," Wireless Engineer; November, 
1945. 

3 D. D .  Grieg and A. M. Levine, "Pulse-Time-Modulated 
Multiplex Radio Relay System-Terminal Equipment," 
Electrical Communication, v. 23, pp. 159-178; June, 1946. 

4 H. S. Black, J. W. Beyer, T. J. Grieser, and F. A. 
Polkinghorn, "A Multichannel Microwave Radio Refay 
System," Electrical Engineering, v. 65, pp. 798-805; 
December, 1946. 

5 L. L. Rauch, "Electronic Commutation for Telemeter
ing," Electronics; February, 1947. 

6 D. D. Grieg, "Multiplex Broadcasting," Electrical 
Communication, v. 23, pp. 19-26; March, 1946. 

transmission systems have resulted from both its 
multiplexing and modulation characteristics. 

For example, by interleaving the modulating 
signals in time sequence, i.e . ,  time-division mul
tiplex , cross .talk introduced by nonlinearities i11 
the transmission system, such as would be ob
tained with frequency-division multiplexing, is 
eliminated. This important property allows the 
use of circuit elements with nonlinear character
istics and makes possible long relays with many 
repeaters. A further factor obtained with con
stant-amplitude pulse systems is independence 
of fading and other transmission vagaries. An 
additional property is a flexibility that allows 
various transmission parameters to be exchanged, 
for example, bandwidth for noise-reduction prop
erties, and distortion and cross talk for band
width. This permits systems to be designed to 
specific requirements. 

Basically, pulse transmission involves sam
pling the modulating signal at discrete intervals 
of time sufficiently short so as to allow little or no 
change in the modulating signal during the period 
of sampling. As these samples or pulses may be 
characterized by the parameters of timing, dura
tion, frequency, build-up time, decay time, and 
shape, a large number of modulation methods 
involving these quantities either singly or in com
bination may be envisaged. 

The amplitude of the pulses may be varied re
sulting in pulse-amplitude modulation (PAM) . 
Alternatively, the width or duration of the pulses 
can be made to vary with the modulating signal 
resulting in pulse-width modulation (PWM) .  In
stead of varying the individual pulse character
istics, the time between pulses, or with reference 
to a marker pulse, can be varied , resulting in 
pulse-time modulation (PTM) . Or the repetition 
frequency of the pulse can be varied, comparable 
to conventional frequency modulation, yielding 
pulse-frequency modulation (PFM) .  Other char
acteristics of the pulse, such as the build-up or 
decay time, can be varied. Combinations of these 
several modulations may be employed to produce 
various hybrid systems. 
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AUOIO•FAEQUENCV lllOOULATING SIGNAL 

PAM 

PWM 

PTM 

.._ PFM 

PCM 
TIME 

Fig. I-Pulse-amplitude, pulse-width, pulse-time, pulse
frequency, and pulse-count modulations are illustrated. 

Fig. 1 illustrates the general characteristics of 
a few of the possible modulation methods. It 
should be noted that the figure illustrates only 
the so-called "video-frequency" pulses, which 
can be used directly for transmission over wires 
or cables or to modulate the radio-frequency 
carrier in either amplitude, frequency, or phase. 

1. Pulse-Count Modulation 

With most methods of pulse modulation , all 
levels of the modulating signal between zero and 
maximum are transmitted in the samIDling proc
ess. However, a second class of modulation can 
be devised in which, in addition to time sampling, 
only selected levels of the amplitude are trans
mitted ; i .e . ,  a system of double discreteness in
volving quantization of amplitude at discrete 
intervals of time. With such a system, the ampli
tude range of the modulating signal is divided 
into a number of discrete levels. If the instan
taneous amplitude of the signal falls between two 
levels, either the lower or upper level is trans
mitted depending on which is closer to the signal 
amplitude. These methods were first described 
by A. H. Reeves in United States and French 
patents.7 

7 A.H. Reeves, U. S. Patent 2,272,070, February 3, 1 942; 
also French Patent 852,183, October 23, 1 939. 

Because only a finite number of levels is in
volved, it is possible to transmit the modulating 
information by a code similar to that of the print
ing telegraph system. For example, if the modu
lating signal is divided into a total of 31 levels, a 
five-unit binary numbering system may be used 
to identify each discrete amplitude. Thus, all 
levels from 0 to 31 would be transmitted in terms 
of 0 and unity, which for practical purposes may 
be the absence and presence of a pulse or any 
other two-value variation such as a difference 
in frequency. 0 is transmitted as 00000, 1 as 
10000, 2 as 01000, 3 as 11000, and 31 as 11111. 

Fig. 1 compares this system of transmission with 
other methods. Fig. 2 gives the binary count com
binations utilizing five pulses to reproduce any 
level between 0 and 31. 

I x 
2 
3 x 
4 
5 x 
6 
7 x 
8 
9 x 

10 
11 x 
12 

a:: 13 x 
II.I 1 4  ID ::Ii! 15 :::> x 
z 16 
...J II.I 17 > x 
II.I 18 ...J 
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x x x 
x x x 

x 
x 

x 
x 

)( x 
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16 
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x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 

Fig. 2-Binary count combinations. By adding the 
weights of the pulses for which there are X's, the level 
number will be obtained. In transmission, the X's corre
spond to the presence of pulses. 
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In Fig. 3 ,  the solid line represents the audio
frequenc y modulating voltage . This signal is 
broken into discrete levels resulting in the step
t ype function also shown. At the time of scan
ning, the instantaneous level of the step function 
is repro duced in terms of the five-unit pulse code 
likewise shown. The type of modulation co mbin
ing both time sampling as well as discrete ampli
tude or quantization has been termed pulse-count 
(also pulse-code) modulation. 8 

This s ystem permits man y advantages of the 
printing telegra ph to be extended to voice trans
m1ss10n. 
For example : 

A. Noise added to the system can be made noncumula
tive for a long relay using many repeaters because each 
pulse can be completely regenerated at each repeater 
with complete suppression of noise previously added in 

LEVEL 

+ 
28 
27 
26 
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above thermal-agitation noise or 3 decibels above peak 
noise, in addition to an extremely large signal-to-noise im
provement ratio, which is substantially independent of the 
signal-to-noise input ratio when that ratio exceeds 15 
decibels. 

D. The transmission method also allows relatively 
simple repeaters to be used because only on-off character
istics need be recognized and transmitted. 

2. Technical Properties 

2 . 1  QUANTIZATION DISTORTION 

A consideration of first importance is the dis 
tortion9 introduced b y  quantization of amplitude 
and sampling in time. It is obvious that, as the 
number of levels is increased, the granulation of 
the signal becomes smaller and hence distortion 

9 A. G. Clavier, P. F. Panter, and D. D. Grieg, "Distor
tion in a Pulse-Count Modulation System," American 
Institute of Electrical Engineers Summer Convention, 
Montreal, Quebec, Technical Paper 47-152; June, 1947. 

-

/I I"' 
/l r'\ 

II I\ 

the transm1ss10n path, 
provided the minimum 
signal received is above 
the noise threshold. This 
allows a considerably 
larger amount of atten
uation over other modu
lation methods, which in 
practice permits greater 
distance between re
peaters, smaller power re
quirements, and greater 
freedom from fading vari-

25 
24 VI I\ 

ation. 

B. Where multiplexing 
of the pulse-count signal 
is by means of time divi
sion, cross talk is non
cumulative. This factor is 
of considerable impor
tance because the effect of 
reflections resulting from 
multipath transmission in 
a radio system or, alter
natively, caused by mis
matches or discontinuities 
in cable transmission, can 
be minimized. 

C. The system operates 
effectively with a signal 
approximately 15 decibels 

s H. S. Black and J. 0. 
Edson, "Pulse Code Mod
ulation," American Insti
tute of Electrical Engi
neers Summer Conven
tion, Montreal, Quebec, 
Technical Paper 47-131; 
June, 1947. 

23 
22 
21 
20 
19 
18 
17 
16 

J 
I 

I 

;1 
11 

/l 
� 

I 
II 

II 
1 

I 
I 

I\ 
I\ 

I\ 
� 

� 
I\ TIME -

I\ 
� 

\ 
\ 
\ 

I ' I 

Fig. 3-Details of pulse-count modulation. The solid continuous line represents the 
audio-frequency modulating voltage, and the step function corresponds: to the quantized 
signal levels. The pulse-count signal at the bottom of each column corresponds to the value 
of the level at the left side of that column. 
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resulting from this factor is decreased. On the 
other hand, this requires an increase in the num
ber of code pulses to be transmitted and a cor
responding increase in bandwidth. The reference 
cited shows that the use of a relatively small 
number of levels is satisfactory for generally ac
ceptable speech quality. For example, dividing 
the speech waveform into a total of 3 1  levels 
yields a distortion of the order of 3 percent. Tests 
have been conducted which indicate that intelli
gible speech can be obtained with as low a number 
as 7 levels. 

The percent distortion D is a function of the 
total number of levels 2m, where m is the number 
of levels on one side of the zero axis, and is given 
by 

1 
D= � XlOO. 

"116(m) 
(1) 

This expression holds reasonably well for a 
number of levels less than aproximately 100. 

Table I gives the distortion for various numbers 
of levels into which the signal may be divided. 

2 . 2  TIME-SAMPLING DISTORTION 

Time-sampling distortion10 results from scan
ning the signal at discrete intervals of time. 
Time-sampling distortion for pulse-count mod
ulation is the same as for pulse-amplitude mod
ulation; i .e., spurious components are developed 
mainly as a result of sideband harmonics of the 
pulse carrier falling into the audio-frequency 
transmission band. There is, in addition, a small 
distortion component caused by the finite width 
of the sampling pulse. For normal pulse widths 
and for practical purposes, this source of distor
tion can be neglected. 

The minimum ratio of sampling frequency JP to 
audio-frequency bandwidthfh -Ji, wherefh andfz 
are the high- and low-frequency limits of the 
audio-frequency band, respectively, is given by 

(2) 

It should be noted that in this case , in order to 
achieve the maximum sampling frequency, it 
may be necessary to transpose the band (fh-f 1) 
to a band having a top frequency of fh. 

10 H. L. Krauss and P. F. Ordung, "Distortion and 
Bandwidth Characteristics of Pulse Modulation," Amer
ican Institute of Electrical Engineers Summer Convention, 
Montreal, Quebec, Technical Paper 47-166; June, 1947. 

TABLE I 
DISTORTION AS A FUNCTION OF NUMBER OF LEVELS 

Number of Levels Distortion in Percent 

3 
7 

15 
31 
63 

127 
255 
511 

1023 

TABLE I I  
BINARY CouNT SYSTEM 

27 
13 

7 
3.5 
1.7 
0.8 
0.4 
0.2 
0.1 

Number of Levels as a Function of Number of Pulses 

Number of Pulses Number of Levels 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

------

2 
3 
7 

15 
31 
63 

127 
255 
511 

1023 

For practical purposes, a larger ratio must be 
utilized to permit the sampling components to be 
separated from the voice components with an 
economical audio-frequency filter. With a simple 
filter, a cutoff frequency 1 . Sfz can be attained. 
Also, if the lower cutoff frequency is small com
pared to the upper frequency, (2) becomes 

(3) 

2 . 3  NUMBER OF PULSES 

Preferably, the quantized signal is transmitted 
by a series of pulses as previously mentioned. If 
p is the total number of pulses to be transmitted 
for any given level, the number of levels 2m is 
given by 2m=NP, where N corresponds to the 
counting system used. If a binary count system 
corresponding to an on-off function is utilized, 
N= 2 and 2m= 2P, or 

p = 1 .44 log. 2m. (4) 

Note that the number of pulses must be the 
nearest whole number to the value given by (4). 
Table II illustrates the number of pulses required 
for the various numbers of levels utilizing a bi
nary count system. 
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2 .4 BANDWIDTH CONSIDERATIONS 

The transmission of pulses obviously requires 
a larger bandwidth than that normally employed 
for voice transmission . On the other hand, with 
pulse-count modulation, it is necessary to deter
mine only the presence or absence of a pulse and, 
hence, a comparatively smaller bandwidth than 
that required for other types of pulse systems is 
satisfactory. Several factors determine the allow
able pulse distortion and the corresponding band
width. For example, the amount of carry-over 
from one pulse to the adjacent pulse determines 
the cross talk in the system. This same factor in

fluences the signal-to-noise ratio and noise thresh
old. Alternatively, the bandwidth must be prop
erly defined because the pulse distortion is a 
function of the low and high cutoff frequencies, 
and the type.and rate of change of attenuation 
at these cutoff points, as well as of the bandwidth 
itself . 

The minimum bandwidth required for zero 
cross talk has been determined both theoretically 
and empirically for various types of cutoff char-

70 
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I 

./ / 
10 20 

INPUT SIGNAL-TO-NOISE 
RATIO IN DECIBELS 

30 

Fig. 4-0utput signal-to-noise ratio plotted against input 
signal-to-noise ratio for pulse-count modulation.· 

acteristics including the frequency character
istics of equalized and unequalized coaxial cable. 
The results can be expressed approximately as 
follows: 

(5) 

for the upper limit of frequency, where F is de
fined as the pulse bandwidth at the 3-decibel 
points and JP is the total number of pulses per 
second. 

2 .5  SIGNAL-TO-NOISE AND THRESHOLD 

Pulse-count modulation, in common with the 
printing telegraph system, yields a far greater 
signal-to-noise improvement than any other mod
ulation system using equal bandwidth. With con
ventional amplitude, frequency, or pulse-time 
modulation, audio-frequency output signal-to
noise ratio is always directly proportional to the 
input carrier-to-noise ratio, provided the carrier 
is above the threshold value. \Vith pulse-count 
modulation, however, the output signal-to-noise 
ratio is essentially independent of the input ratio 
once the signal exceeds the noise level . 

Noise enters into a pulse-count system only if 
a noise pulse substitutes for, or suppresses, a 
pulse of the transmitted series. Under conditions 
where noise never exceeds approximately half the 
peak pulse amplitude, it is always possible to 
"slice out" a portion of the signal pulse that is 
completely undisturbed by noise. The time of oc
currence of this pulse may be advanced or re
tarded but, unlike other pulse systems, this effect 
is unimportant because it is necessary to deter
mine only the presence or absence of a pulse. 
Thus, it would be assumed that for signals above 
twice the noise level, the output signal-to-noise 
ratio is essentially infinite. 

Noise has a random distribution of peak am
plitudes. This varying threshold requires that the 
input signal must pass through a range of values 
before a maximum output signal-to-noise ratio 
is achieved. Various calculations and tests indi
cate that a root-mean-square value of signal-to
noise of the order of 15 decibels gives useful serv
ice. This is illustrated by the graph of Fig. 4. This 
threshold value of 15 decibels has also been ob
served experimentally in teleprinter tests to cor
respond to the "breaking point" between perfect 
and imperfect reception. 
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2. 6 GENERAL DESIGN RELATIONS 

The expressions for the number of pulses in re
lation to the number of levels (4 ) and for distor
tion as a function of the number of levels (1) can 

PULSE WIDTH MULTIPLEXER 

CHANNEL MODULATOR 
I 

I t  should be noted that this corresponds to the 
case for a simple filter for separating the audio
frequency components from the pulse scanning 
components. Theoretically, if the ratio of pulse 

QUANTIZER BINARY COUNTER 

CHANNEL MODULATOR MIXER 
MIXER PULSE STORAGE 

COUNTE A ND SHAPER 
2 CLIPPER SHAPER GATES 

CHANNEL MODULATOR 
n 

COUNT SYNCHRONIZATION 

DIGIT SYN C H RON IZATION 

CHA N NEL SYNCHRONIZATION
'------------, 

BASE-PULSE GENERATOR 
OUTPUT TO 

TRA NSMITTER 

Fig. 5-Block diagram of pulse-count modulator. This unit transposes the modulation of the individual 
channels to a multiplex series of pulses. 

be combined -to -give the relation between the 
number of pulses and distortion. 

80 P= 1.44 log.-· 
D 

(6) 

The ratio of pulse frequency to audio frequency 
is given for the practical case by (3) and the num
ber of pulses per second per channel is given by 

(7) 

For N channels, this expression is, of course, mul
tiplied by N. The frequency band is given in (5) 
as the total number of pulses divided by 2 and, 
therefore, the ratio of the required transmission 
bandwidth to the audio-frequency bandwidth is 

F 80 -= 1 8Nlog -· fh . 
e D (8) 

For a distortion D of 3 percent, which is a rea
sonable practical value for telephony and cor
responds to a 3 1-level system, we obtain 

F -= 6. 2SN. 
f h 

(9) 

frequency to audio-frequency bandwidth! p/fh = 2 
is utilized, the above expression becomes 

F j;,=SN. ( 1 0) 

I n  other words, the theoretical bandwidth for 
a 3 1-level pulse-count system is five times that of 
a single-sideband amplitude-modulation system. 

3. Equip ment 

Several methods are available for producing 
pulse-count modulation and for its demodulation. 
A representative method has been described by 
A.H. R eeves7 and the modulating system is illus
trated by the block diagram of Fig. 5. This cor
responds to a multichannel pulse-count-modula
tion system. Although applicable to a large num
ber of channels, for simplicity only a small num
ber is illustrated. 

3. 1 MODULATOR 

The modulator serves both to multiplex the in
dividual audio-frequency channels as well as to 
translate the channel information int0 a series of 
coded pulses. It consists of four main units: (A) 
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pulse-width multiplexer, ( B) quantizer, ( C) bi
nary counter and associated circuits, and ( D) 
base�pulse generator. 

The modulating voltages applied to the chan
nel modulators operate on the timing pulses sup
plied by the base-pulse generator to yield width
modulated pulses occurring in proper time se
quence. They yield a pulse-width multiplex 
series at the mixer output as illustrated in Fig. 6. 

This series of pulses passes to the quantizer 
circuit. Each individual pulse allows the passage 
of a number of count pulses corresponding to the 
width of that pulse. The maximum number of 
count pulses corresponds to the maximum num
ber of levels and is produced only by a pulse of 
maximum width. 

The series of pulses obtained from the quan
tizer must then be translated into a binary num
ber in the binary counter shown. The counter 
can take many forms, the most familar being that 
of a series of "flip-flop" multivibrators inter
connected so that each multivibrator turns over 
once for every two pulses applied by the preced
ing multivibrator. Associated with the binary 
counter are the necessary storage and gate cir
cuits in addition to reset circuits. 

A series of digit synchronizing pulses, which 
have the same time characteristics as the ulti
mate transmitted pulses, are applied to the gates 

r CHANNEL SYNCHRONIZATION PERIOD 1 
I 2 n 

Fig. 7-0scillogram of pulse-count-modulation signals. 
The counts set up for the center channel are 9, 13, 27, and 
31 respectively. 

in addition to the final voltage yielded by each 
individual multivibrator at the end of the count. 
Digit pulses are passed by the gates only when a 

2 n 

potential corresponding 
to a full turnover of 
the individual multi-
vibrator exists. 

MULTIPLEXED 

PULSE WIDTH 

MODULATION L L n ri__n II_ The storage circuit 
is necessary to provide 
a full count of the in
stantaneous level prior 
to setting up the ulti
mate binary count. The 
reset signals are, of 
course, utilized to re
cycle the counters for 
subsequent counting. 

As an example of the 
pulse rates utilized, the 
data of Table III are 
representative for an 8-
channel, 31-level pulse
count-modulation sys
tem with channel band
widths of 350 0 cycles. 

QUANTIZATION 
COUNT 

DIGIT 
SYNCHRONIZATION 

BINARY 
COUNT 

uummL mu�mmL 

h 
n 

n 
n 

n 

n__ ._n 

l/lll 

1 
ii 

n 
l 

n 

ri_n_ ....--

UL_ 1!l Ml/lJlIL_ 

n h l 
n 1 n 

n ii n__ -
n 1 n__ 

n � n_ 

ri_n n_._n � 
Fig. 6--Modulator waveform sequence. The binary count is delayed as it must 

follow completion of the quantization count. The binary count thus appears in the next 
succeeding channel. 
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PULSE-COUNT 
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Fig. 9-Demodulation waveform diagram. Audio-frequency filters, not shown in the block diagram, are utilized to 
remon the pulse-frequency components from the modulating-signal output of the separator-demodulator units. 
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The final output pulses corresponding to 
proper binary count for each sample are then ob
tained from the appropriate shaper circuit for 
transmission. An oscillogram illustrating the 
pulses derived from a system similar to that de
scribed is shown in Fig. 7. 

TABLE I I I  

REPRESENTATIVE PULSE RATES 

8 Channels, 31 Levels 

Kilocycles 

Base Pulse Rate (Channel Synchronization) 8 
Count Synchronization 1000 
Digit Synchronization 333 
Output Pulse-Repetition Frequency 333 

3.2 DEMODULATOR 
The demodulator accepts the multiplex pulse 

series, separates the individual channels, and 
recovers the original modulation. The system 
illustrated in Fig. 8 is essentially the reverse of 
that described for the modulator. As indicated by 
the illustration, the receiver consists of three main 
units: (A) synchronizing circuit, (B) counter cir
cuit, and (C) multiplex demodulator. 

The synchronizing circuit extracts from the 
incoming pulses information for producing a 
pulse series for the various controls, such as for 

COUNTER 
, ----- - -------, 
I I 
I I 

INP U T  FROM I I 

digit synchronization, channel order, and channel 
synchronization. The input signal is obtained 
from a radio receiver and is in the form of a series 
of pulses. This signal is applied to gate circuits 
which, in conjunction with the digit synchroniz
ing voltages, separate the code series into indi
vidual pulses corresponding to the actual digits 
transmitted. This is illustrated in the waveform 
diagram of Fig. 9. If a code pulse and digit pulse 
occur simultaneously, the gate circuits produce 
output. The individual digit pulses actuate a 
counter circuit that produces a pulse whose width 
corresponds to the weight of the digit applied. 
Thus for a 5-pulse system, a total of 5 counters 
would be used with each counter producing suc
cessively an output pulse twice the width of the 
preceding counter. I n  this example, the pulse 
width produced by the fifth counter would be 
sixteen times the width of the first counter; pre
ceding counters would produce pulse widths hav
ing the relative weights of 8, 4, and 2, respect
ively. 

The outputs of the counters are connected in 
parallel to obtain the sum of the counter pulses 
produced. This signal is then passed through a 
filter which removes the high-frequency compo
nents. It is then applied to the multiplex demod
ulator, which serves to separate the individual 
channels and translate the energy variation into 
the appropriate audio-frequency signal. 

MULTIPLEX DEMODULATOR 

r--------------, 
I I 

II SEPARATOR 
I 

I DEMODULATOR 
CHANNEL 

I 
CABLE OR �-+-+-I I 

GATE I SEPARATOR RF RECEIVER 

CIRCUITS,__ __ _,CIRCUI TS 1-11>-i--__..l __ +l-1 FILTER ...,...,...__ _ _, DEMODULATOR 
CHANNEL 

2 
I I I I I I I 

SEPARATOR 
DEMODULATOR I I t I I 

__________ J L----- _______ _J 
I DIGIT 
I SYNCHRONIZATION L----------, 

I 

SYNCHRONIZING 
CIRCUIT 

CHANNEL 
�----' SYNCHRONIZATION 

CHANNEL 
n 

Fig.�8-Block diagram of receiving demodula�or .
. 

This unit separate� the pulse-count �ultiple� signal into �dividual 
channels. In addition, .the pulse-count combinations are translated mto the correspondmg audio-frequency signals. 
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Fig. IO-Representative experimental system for pulse-count-modulation transmission. Included in this apparatus 
are both the modulator and demodulator for transmission and reception. 

Simplified systems of pulse-count-modulation 
transmission corresponding in general to that 
described have been constructed in the labora
tory. Fig. 10 illustrates such a simplified system 
developed for experimental purposes. 

4. Conclusion 

Tests of pulse-count-modulation transm1ss10n 
have tended to confirm the advantages theoreti
cally indicated. I n  particular, the telegraphy
type characteristics of the system have permitted 
operation over relatively unfavorable transmis-

sion paths, such as poor cable, without destruc
tion of the signal-carrying characteristics. A simi
lar attractive characteristic can be expected 
over radio transmission paths where severe fades, 
as well as multipath reflection, are to be expected. 

On the basis of the experimental results ob
tained to date, pulse-count modulation would 
seem to offer attractive possibilities for applica
tion to radio and wire transmission circuits, par
ticularly for multichannel operation over long 
relay paths. These applications are being investi
gated. 
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Pulse-Time-Modulation Link for Army Field 
Telephone System 

By N. H. YOUNG 

Federal Telecommunication Laboratories, New York, New York 

D

URING the war, a need developed for 
an apparatus that could be introduced 
between two field telephones to permit 

them to function normally without a pair of wires 
connecting them. This type of operation can be 
achieved by using a duplex radio link and suitable 
arrangements for changing from the 2-wire tele
phone circuit to the 4-wire system needed for the 
radio link. 

When pulse modulation is used, the pulses 
transmitted by each station may be radiated at 
times when no incoming pulses are due. This 
form of time division permits duplex operation. 

Advantages of this method of duplexing in
clude the use of a single channel for both direc
tions of transmission, increased difficulty of un
authorized interception, and the use of a common 
antenna system for transmission and reception. 
An increasPd rejection of noise in the radio link 

TRANSMITTER 

MODULATOR 

PTM 
PULSE 

GENERATOR 

BLOCKING PULSES 

RECEIVER 

SINE-WAVE 
GENERATOR 

AND 
PHASE CONTROL 

EE-B 
FIELD 

TELEPHONE 

results from the use of high peak powers which 
characterizes pulse methods. 

1. Principles 

The equipment used at one terminal of such a 
link is shown in block form in Fig. 1. Most of the 
elements of the system are identical with those 
used for conventional pulse-time-modulation 
voice communication without duplexing. The 
only additions for duplexing are the sine-wave 
generator and phasing control connected to the 
output of the receiver and the hybrid network 
needed to convert from 2-wire to 4-wire operation. 

In operation, either station may be used as the 
"master" station to establish the pulse-repetition 
rate for both terminals of the link. The pulse
repetition rate is controlled by a sine wave gener
ated by a stable oscillator in the sine-wave-

PTM 
DEMODULATO R 

generator and phaser 
chassis. This wave is 
shaped by a pulse-time 
modulator1 into a train 
of pulses, with small de
viations from the normal 
positioning representing 
the voice modulation. 
These pulses are ampli
fied and applied as mo
dulation to the trans
mitter. The modulator 
unit also forms pulses to 
block the intermediate
frequency] amplifier of 
the receiver during the 
time a pulse is to be 

1 D. D. Grieg and A. M. 

Fig. I-Block diagram of pulse-time-modulation link used to extend 
a field telephone system. 

Levine, "Pulse-Time-Modul
ated Multiplex Radio Relay 
System-Terminal Equip
ment," Electrical Communica
tion, v. 23, pp. 159-178; 
June, 1946. 
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Fig. 2-Relative timing of pulses. A. Pulses as emitted from the master station. The 
dotted pulses indicate the extreme positions assumed under modulation. B. Reception 
of pulses at the slave station. T is the time required for transit from the master station. 
C. The pulses are emitted by the slave station after further delay P introduced by the 
phase control at the slave station. D. Pulses from the slave station are received at the 
master station suitably interleaved with those transmitted by the master station, thus 
allowing duplex operation without interference. 

ceived from the other 
end of the link. If this 
is not done, small dif
ferences in pulse-repe
tition rates would pre
vent interleaving of the 
pulses. 

The pulse train from 
the master station is 
received by the slave 
s t a t ion . F r o m  t h e  
second-detector circuit 
of the slave receiver, 
there is filtered out a 
sine wave having a fre-
quency equal to the 
pulse- repetition rate. 

transmitted, thus preventing overload and cross 
talk in the receiver. The received pulses are 
demodulated in the usual way and pass through 
the hybrid circuit to the field telephone line. 

At the other end of the link, the unit must be 
used as a "slave" station, the timing of its trans
mitted pulses being determined by the pulses re-

This wave is formed by the pulse generator into 
time-modulated pulses to be transmitted by the 
slave station. By proper adjustment of the phas
ing control, these pulses may be made to occur 
during the interval when no incoming pulses are 
due to be received. Even within the limits im
posed by this condition, some shifting of the 

Fig. 3-Experimental pulse-time-modulation transmitter designed to operate with 
the U. S. Army EE-8 field _telephone system. 
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Fig. 4-Experimental receiver to operate with the transmitter shown in Fig. 3.  

phase will be required, depending on the time 
of transmission of the pulses from one end of the 
link to the other, to insure that at the master 
station the incoming p ulses do not conflict with 
the transmitted p ulses. This adj ustment is not 
difficult and need be performed only once for 
any given spacing of stations. 

The relative timing of p ulses and waveforms 
throughout the system are shown in Fig. 2. This 
diagram indicates how the duplex operation is 
accomplished without interference between in
coming and outgoing pulses. As the equipment 
is not tra nsmitting at the same time that it is 
receiving, it is possible to use a single antenna 
for both units, even though they may be operat
ing on the same channel. 

2. Equipment 

Two terminal equipments were constructed 
and tested at some length in the field. The trans
mitter and receiver are shown in Figs. 3 and 4, 

respectively. They are of identical size, being 

1 5  inches by 1 9t inches by 7t inches. The trans
mitter had a peak power output of 400 watts and 
an average power output of 5 watts. It was used 
with an antenna consisting of a dipole in front of 
a screen reflector. The system operated between 
225 and 285 megacycles per second. 

A voice-frequency ringing converter has been 
included in the equipment, so that when conven
tional field telephones, such as the military type 
EE-8, are connected to the terminals of the 
equipment, they will operate exactly as though 
a wire connection had been provided, ringing and 
talking in the norm�! way. This operation is 
possible even though several miles of wire are 
interposed between the field telephone and the 
terminals of the radio equipments. 

I n  field tests, excellent operation has been se
cured over a line-of-sight path of 23 miles and 
over a somewhat obscured path of 7 miles. Under 
these conditions, communication has been ob
served to be equal to, or better than, the standard 
telephone circuits. 
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Progress of Telecommunication Services in British 
Post Office * 

1 .  Telephone Exchanges 

THE POLI CY of the General Post Office 
is to have automatic working at all 
exchanges and, before the war, the 

conversion of existing manual exchanges to auto
matic working was progressing at a rapid rate. 
At the outbreak of the war, work on mechanisa
tion had to be curtailed to essentials ; in some 
cases equipment which was being manufactured 
was completed but stored for installation at the 
end of hostilities. 

D uring the war, there was a tendency for the 
number of automatic telephones to decrease be
cause automatic exchanges destroyed by enemy 
action were replaced by manual exchanges. In 
192 1 ,  there were 1 6  automatic exchanges : by 
1935, these had grown to 1 600, and at the present 
date there are over 3700 automatic exchanges. 
Since the end of the war, there has been great 
difficulty in replacing exhausted exchanges, con
verting manual exchanges, and extending ex
changes that have been overloaded for a long 
time because of the very great difficulty in 
getting buildings and equipment. 

Priority for building materials and labour is 
given to the building of new houses and to the 
repair of buildings damaged during the war. The 
amount of building which can be provided for 
telecommunications is only a very small propor
tion of what is required. Consequently, many ex
pedients have had to be adopted to extend the 
lives of exchanges and to avoid the need for 
buildings. At those exchanges where no other 
method of giving relief is possible, it has been 
decided that pre-fabricated buildings will be 
used. The requirements for exchange and sub
scribers' equipment cannot be fully met by 
manufacturers because of the competing de
mands for materials and labour for essential 
needs, such as export, fuel and power, and rail
ways. The service, however, continues to expand 
and the rate of installation of subscribers' tele
phones is now about double the pre-war rate. 

* Frnm material and illustrations supplied by the British 
Post Office. 

2. Mobile Unit Automatic Exchanges 

Immediately before the war, it was decided 
to install, experimentally, a few unit automatic 
exchanges (UAX) on special motor chassis. These 
were designed for installation at short notice in 
cases where service could not be maintained at an 
existing manual or automatic exchange as a 
result of damage or other unforeseen circum
stances. During the war, 14 mobile exchanges 
were produced, of which 2 were supplied to the 
War Office, the remainder being kept in reserve 
by the Post Office for the restoration of ex
changes damaged by enemy action. l t was 
found in practice that they were required only 
on a few occasions for this purpose. 

Although the damage aspect has largely dis
appeared, an increasing use of unit automatic 
exchanges has been made in cases in which Sub
Postmasters have found it urgently necessary 
(frequently on grounds of ill health or advancing 
age) to ask to be relieved of the work of manual 
exchange operating and alternative arrangements 
could not immediately be made. The mobile units 
have also been useful in converting from one 
type of exchange to another in an existing build
ing. I t  has recently been decided to increase the 
number of units and to retain them as standard 
items. 

3. Improvements in Telephone Switch
Rooms 

3. 1 LIGHTING 

During the war, many switch-rooms were 
permanently "blacked out, " and, in conse
quence, much attention has been directed to the 
question of artificial lighting. A number of these 
exchanges were provided with fluorescent tube 
lighting, and, as a result of this experience, a 
series of experiments with this type of lamp is 
being carried out at selected exchanges to deter
mine the best lighting arrangements. 
3 .2  HEIGHT OF SWITCH-BOARD 

Standard switch-boards are made in two 
heights, 4 feet 8.Y2 inches and 6 feet 4.Y2 inches, 
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Where the vertical multiple is high, the operating 
effort is in creased, and it also tends to give the 
staff a " shut in" feeling, particularly where the 
ceiling is low. I n  present designs, arrangements 
are being made to use the lower type of switch
board wherever possible. 

3.3 COLOUR AND FINISH OF SWITCH-BOARD 

The standard finish of polished mahogany has 
been criticised on two grounds. First, it makes the 
switch-room dark and gloomy, and second, it 
can give rise to unwanted reflections. As an 
experiment, a switch-board is being finished in 
limed oak, which is · light in tone and has a sur
face that is practically matt. 

3.4 KEYSHELF 

This is covered with red fibre on present 
designs ; fibre is one of the few materials that will 
stand up to the wear and tear experienced. An 
experiment with green fibre is being undertaken, 
as it is thought that this will have a more pleas
ing appiearance. 

3.5 MULTIPLE 

The multiple face accommodates strips of 
jacks and lamps, labels, and plain strips to fill up 
spare capacity. A number of experiments in
volving the use of various colours and new ma
terials are being undertaken, and polished sur
faces are being replaced by matt finishes where 
possible. 

3.6 FUTURE SWITCH-BOARD DESIGNS 

The cordless type of switch-board is being 
considered for future exchanges. \Vith this 
equipment, there is no vertical multiple, and the 
appearance of the positions can be made much 
cleaner and more attractive. Also, the physical 
effort of operating is much reduced. In designing 
switch-boards for the future, efforts are being 
made to simplify the operator's work, and at
tention is being given to motion study. 

3 .7  SWITCH-ROOM LAYOUTS 

At present, switch-boards in large exchanges 
are arranged with their backs to the wall round 
the sides of the room. With Ji>Ossible future de
velopments such as the cordless switch-board in 
view, consideration is being given to other ar-

rangements. For instance, switch-boards might 
be installed back-to-back and in short suites 
across the width of the room. 

4. Private Branch Exchanges 

During the war, a new type of switch-board 
was developed for use in large manual installa
tions. This, the P. M. B.X. No. lA, supersedes 
the C.B. No. 9. Its principal advantages are that 
it employs lamp signalling, and it is constructed 
of standard parts ; it is also more compact, and is 
now standard for installations of over 180 lines. 

This new equipment is a 24-volt CB-type 
multiple switch-board, with capacity for 800 
extensions and 1 60 exchange lines, private 
circuits, or inter-switch-board lines. I t  is built up 
in one-position two-panel sections. The extension 
multiple is made up of strips of 20 j acks of the 
break-jack type, and the exchange line multiple 
is of strips of 10 jacks of the branching type. 
Both multiples have a four-panel repetition. 

There is no separate answering field, calling 
lamps being fitted in the multiple and associated 
with selected appearances of the lines to which 
they relate. Each extension has a single calling 
lamp, while exchange lines are given a second 
ancillary lamp at a different multiple appear
ance. 

The design also embodies a "follow-on call 
trap" which, in cases where an extension-to
exchange connection has not been cleared at the 
private branch exchange, prevents a fresh in
coming call from ringing the extension bell and 
gives a supervisory flash instead. Also included , 
is a "calling in" facility, whereby an extension 
user can press a special button to flash the 
private branch exchange operator during a call 
to the public exchange without disconnecting 
the call. 

5. Local Lines 

In the pre-war period, meticulous and ex
haustive development studies were made 
throughout the country in order that the plan
ning 0f local line networks might be placed on a 
semnd footing. During the war, owing to dis
persal of industry, evacuation of the population, 
war damage, and demands of the armed forces, 
these studies became more and more out of date. 
Sul!isequently, the return of many businesses and 
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evacuees to the towns, closing down of war 
installations, redistribution of industry, and 
replanning of industrial development, produced 
further complications. As a result, the existing 
development studies are in need of drastic re
vision, and this work is already in hand. In the 
meantime, special studies are being made in 
areas where there is an urgent need of new plant 
to · meet accumulated demands for telephone 
service. Completely new studies must be made in 
certain towns, e.g. , Liverpool, where records 
were destroyed by bombing, and joint engineer
ing and commercial surveys are being made in 
this connection. 

Good progress is being made with duct- and 
cable-laying schemes, and the provision of 
auxiliary joints and cross-connection frames in 
street cabinets and pillars will ensure the flexi
bility that is so necessary during periods of un
foreseen development. As a result of improvement 
in telephone instruments, it may be possible to use 
lighter-gauge conductors than hitherto and effect 
corresponding economies in local cable schemes. 

In country districts, new distribution points 
are being created and new lines provided at an 
unprecedented rate. Pole shortage and the un
certainty of future supplies of timber suitable 
for poles have compelled the recovery of poles 
from abandoned routes. The use, in spite of 
higher costs and the need for special fittings, of 
non-wooden poles is being considered. 

6. Rural Areas 

The policy of the Post Office is to provide 
service in country districts by means of small, 
unattended, automatic exchanges, and to install 
such an exchange in any area where a minimum 
of eight subscribers is forthcoming. This policy 
involves the conversion of all small manual 
exchanges in rural areas to automatic working, 
and has also led to the opening of a very large 
number of new exchanges. Between the wars, the 
number of country exchanges was increased from 
about 1600 to about 4000. 

The programme · of automatisation in rural 
areas was largely suspended during the war, but 
will be resumed as soon as conditions permit. 
Until adequate supplies of equipment are avail
able , however, it will be necessary to concentrate 
largely on the extension of existing automatic 

exchanges rather than on work of conversion of 
manual exchanges. 

Telephone service at standard rentals is 
available to anyone within three miles of an 
exchange, an additional charge being made 
where this distance is exceeded. The extent of 
the coverage is now such that there are com
paratively few localities that are more than 
three miles from an exchange. 

7. Public Call Offices 

It is the policy to provide a kiosk in every 
village where there is a post office. While much 
work under this policy has already been carried 
out, it was almost entirely suspended during the 
war. It is now being resumed. 

In villages where there is no post office, a 
kiosk is provided on payment by the local 
authority of £4 a year for five years, the pre-war 
rental of a private subscriber's line in the prov
inces for five years. This covers about 10 per cent 
of the cost, the remainder being borne by the 
Post Office ; at the end of the five years, the full 
cost falls on the Post Office. 

Between the wars, the number of public call 
offices in rural areas increased from 4700 to 
nearly four times this figure. 

8. Local Exchange Service 

In London and the four largest provincial 
cities, Birmingham, Glasgow, Liverpool, and 
M anchester, the director-type automatic equip
ment is in use although there are numbers of 
manual exchanges still to be converted. The 
London system consists of an area enclosed by a 
circle of 1 2 Y2-mile radius round Oxford Circus, 
and subscribers connected to all but the very 
earliest type of director exchange can dial directly 
to all other exchanges in the system. The call 
fees are recorded automatically. 

In the provincial director areas, the ultimate 
size of the systems will be a circle of 9 Y2-mile 
radius, although at present there are only 3 
director exchanges beyond the original boundary 
of the systems, which was a circle of 7-mile 
radius. There is multi-metering (i.e. , automatic 
connection and recording of calls with charges 
up to 4d.) to all exchanges in the provincial 
director systems, except from a few of the ,oldest 
type of exchanges in Birmingham and Man-
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chester. The equipment programme includes the 
conversion of existing manual exchanges in the 
director systems and the introduction of multi
metering at some of the older exchanges where it 
was not originally provided. 

Plans are now being made to extend the range 
of direct dialling by subscribers on director 
exchanges to other exchanges within 20 miles of 
Oxford Circus, and 1 7  miles of the centre of 
provincial director systems. Development work 
is also being carried out to give multi-metering 
from automatic exchanges adjacent to a director 
system to exchanges within the director system ; 
these facilities will be introduced first in the 
London area. It has been decided to introduce 
director working in Edinburgh and one director 
exchange, Craiglockhart, was opened in 1946. 
The size of the director automatic area in Edin
burgh will be a circle of 5-mile radius. 

Multi-metering facilities are now given at the 
largest (director) exchanges and at the smallest 
(unit automatic) exchanges. Multi-metering is a 
standard facility for unit automatic exchanges 
although access to every exchange within range 
is not always possible because tandem equip
ment is not available at intermediate exchanges. 

The equipment at the medium-sized auto
matic exchanges and many of the larger ex
changes that are not big enough for director 

working is of the non-director type. At these 
exchanges, subscribers at present can dial only 
to exchanges up to 5-miles chargeable distance. 
The relay set, which is used to give the appro
priate metering, i .e . ,  1d. on routes up to 5 miles, 
has been modified to give second, third, and 
fourth-fee metering so that multi-metering can 
be given on calls to directly connected exchanges 
up to 15-miles chargeable distance. 

It is estimated that the tandem traffic from 
non-director exchanges is small, that it is gener
ally about 5 per cent of the total untimed junction 
traffic and rarely rises above 10 per cent. This 
tandem traffic could be completed automatically 
by using equipment that would correctly route 
and register traffic passing over one route. The 
equipment is relatively expensive and not easy 
to maintain. It is probable that the automatic 
completion of the small amount of tandem traffic 
will not prove to be justified economically. 

The development of the relay set to give 
multi-metering on directly connected routes has 
recently been completed, and data are now being 
finished for the design of equipment to provide 
multi-metering facilities at several new and 
existing exchanges. For the present, it is not 
proposed to make any arrangements for the 
multi-metering of the non-director tandem 
traffic. 

Unattended automatic exchange and kiosk at Beal, Northumberland. 

www.americanradiohistory.com

www.americanradiohistory.com


304 E L E C T R I C A L  C O M M U N I C A T I O N  

9. Provision of Telephone Service 

During the war, the Post Office suspended the 
provision of all local subscribers' cables other 
than those immediately required for war or war 
production purposes, and the same policy was 
followed in regard to extending telephone ex
changes. The Post Office also released 16,000 of 
its 41 ,000 engineers for service with the Forces. 
It was, therefore, impossible to meet many ap
plications from the public for telephone service 
and , when the war ended, the outstanding appli
cations amounted to 250,000. The difficulty of 
dealing with this accumulation of orders was 
added to by the receipt of new orders at an 
unprecedented rate. During 1946, the average 
demand was for 70,000 telephones per month, 
which is more than double the prewar figure. A 
peak was reached in October, 1946, when the 
demand reached 83 ,000, but it has now fallen to 

a fairly steady rate around 45 ,000 per month, 
which is about 50 per cent higher than before 
the war. 

The rate of installation of new telephones was 
stepped up considerably in 1946 as engineering 
staff returned and reached 70,000 per month, 
but the effect of this rapid rate of connection was 
to use up reserves of exchange equipment and 
spare wire in underground cable. The amount of 
engineering work and materials required to con
nect a given number of subscribers has steadily 
increased, and it has not been possible to main
tain the high rates achieved last year. The pres
ent rate of installation is about 53 ,000 per month 
as compared with 3 1 ,000 before the war. 

Despite the efforts which have been made, the 
outstanding applications for exchange lines now 
amount to 450,000. The spare exchange equip
ment is exhausted at about a fifth of the ex
changes and there are no spare wires in the under-

The speaking clock shown above announces the time within an accuracy of 0. 1 second. It may be dialled directly in 
certain ;exchanges and obtained through operator's connections in some others. 
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ground cables serving a third of the distribution 
points. In this country therefore, as in America ,  
the provision of telephone service to many ordi
nary applicants is subject to appreciable delay. 
It is still necessary to impose limitations on the 
amount of constructional work undertaken to 
connect an individual subscriber, and a system of 
priorities is in operation to ensure that telephone 
service is provided first to those with a special 
claim in the public interest. 

The Post Office has an ambitious programme 
for the extension or replacement of telephone 
exchanges and the expansion of the underground 
plant but the fulfilment of these plans is being 
seriously handicapped by inadequate supplies of 
stores and equipment, due mainly to shortages 
of raw materials. 

10.  Emergency Call Service 

This service is provided to enable a telephone 
user on an automatic exchange to obtain, in an 
emergency, by dialling "999" ,  an immediate reply 
from the auto-manual board operator who is 
able to connect to the police, fire, or any other 
emergency authority without delay. No coins 
are required to obtain such a call from a coin-box 
telephone. The service was available at London 
and Glasgow before the war. Since the war, it has 
been installed in all but the smaller automatic 
exchanges. 

11. Speaking Clock 

This service is available to subscribers on 
automatic exchanges in London and 13 other 
towns and cities, and on the manual exchanges 
in London, Birmingham, Glasgow, and Man
chester. To obtain the time, subscribers dial 
TIM in director areas and "952" in non-director 
areas. They are connected automatically to a 
speaking record of the time which is accurate to 
1/10 of a second. Calls to the speaking clock 
cannot be obtained automatically from call 
offices but are obtained by calling the operator 
who connects the calls manually. 

12. Long-Distance Telephone Service 

During the war, the provision of circuits for 
the public service did not keep pace with the in
crease in traffic, as a very large proportion of the 
new plant laid down by the Post Office during 
the war years was used to provide private wires 

to meet the needs of the defence forces and the 
armed forces of the allies stationed in Great 
Britain and Northern Ireland ; also, the Post 
Office suffered a heavy loss of trained technical 
staff to the signals branches of the navy, army 
and air force. Although some temporary staff, 
including women, was recruited to take their 
places, the numbers were fewer and, of course, 
they were less skilled and lacked the experience 
of the regular staff. There was, in consequence, a 
deterioration in the quality of the long-distance 
service and also in the maintenance of the plant, 
which in turn added to the service troubles re
sulting from bombing, congestion of traffic, etc. 

Despite these difficulties, traffic is now about 
RO per cent higher than when the war began, the 
number of long-distance calls completed each 
week being almost 472 million compared with 
about 272 million in the corresponding period 
of 1939. With the very active state of busi
ness throughout the country, traffic is still grow
ing. Doubtless the war-time dispersal of fac
tories and the evacuation of populations from 
towns to less vulnerable districts, with the con
sequent separation of families, has fostered the 
"telephone habit ." Moreover, despite a SO per 
cent increase of Jhe trunk-call charges, the 
service is still inexpensive, the highest rate being 
3s. 9d. for 3 minutes for any distance of more than 
125 miles. 

Since D-Day, large numbers of the private 
wires provided for the defence and armed forces 
have been relinquished and those found suitable 
have been added to the public system. 

The number of circuits of over 25-miles 
chargeable distance now (July, 1947) totals about 
13 ,600 compared with 6775 in April, 1939 , an 
increase of about 100 per cent. This increase in 
the number of circuits, together with an easing 
in the staff situation, has resulted in a rapid 
improvement in the service and, except for a 
few routes on which a shortage of circuits still 
exists, the pre-war speed of connection has been 
largely restored. There is still a shortage of 
experienced operating staff, however, particu
larly in London, where the speed of answer, 
though steadily improving, is not yet back to 
the pre-war standard. 

Before the war, the long-distance service was 
designed to enable 90 per cent of calls made 
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during the day-time to be completed on demand , 
and it is now the aim to pr�vide sufficient cir
cuits to enable 98 per cent of calls to be completed 
on demand. For the provision of circuits neces
sary to meet this improved standard, and to 
cater for general growth in the volume of traffic, 
plans have been made for the laying of an exten
sive network of coaxial cables linking all the main 
towns. Many of these coaxial cables will include 
up to 400 audio-frequency pairs to cater for toll 
circuit requirements, and by this means the 
laying of separate audio-frequency cables will 
be avoided and full use made of all available 
duct space. 

13. Trunk Service-Direct Dialling 

It is possible for operators in trunk exchanges 
to dial directly to subscribers at distant centres 
by transmitting over the trunk lines dialled 
impulses of direct current or of �lternating cur
rents of certain frequencies within the frequency 
range of the human voice. This is already 
employed on a large number of short- and long
distance routes, and the scope of such systems 
is being progressively extended so that within a 
number of years trunk operators will be able to 
call most subscribers within the United Kingdom 
simply by dialling and without the need for 
another operator. 

It is not proposed, at least in the immediate 
future, to arrange for direct dialling of trunk 
calls by subscribers. 

14 . .  Mechanical Trunk Fee Accounting 

Recently, methods of mechanising the ac
counting for subscribers' trunk calls have been 
investigated with a view to eliminating the pres
ent tedious and laborious manual sorting of 
tickets on \vhich calls are recorded. The proposals 
at present being considered would involve the 
replacement of the present paper tickets by cards 
that would be perforated, after leaving the ex
change, with holes corresponding to the manu
script data recorded thereon. The tickets would 
then be sorted at high speed by machines into 
subscribers' number or any other order neces
sitated by the accounting processes, e.g. , tickets 
from non-consecutive private-branch-exchange 
lines would be picked out for association with 
the tickets for the main number. It is prob-

able that the pricing of trunk tickets would 
be performed mechanically if the schemes under 
consideration were adopted. After punching and 
sorting, the cards would pass through a tabulator, 
which is a machine capable of listing all the 
particulars on the cards, carrying totals ,  and 
printing these as required . Thus the subscriber's 
trunk statement would contain an abstract of 
the data recorded on the tickets, as much or as 
little information as required being supplied. It 
is ,  in particular, desired to furnish subscribers 
with the name of the exchange called on trunk 
calls. 

There are hundreds of millions of trunk 
tickets handled every year, and it is hoped that 
considerable staff savings would be achieved 
from mechanising the accounting processes. As 
an offset, more expensive machinery would be 
required , but it is hoped that overall savings 
would result. It should be fairly easy to extend 

the mechanical system to deal with rentals and 
local calls, if this were found to be useful and 
justifiable. 

15. Census of Long-Distance Telephone 
Traffic 

In October, 1945 , the British Post Office took 
a census of long-distance telephone traffic to 
obtain information on which to base post-war 
traffic and cable network planning. Full details 
from all tickets prepared on three normal days 
were entered on cards which were subsequently 
perforated for analysis by the punched-card 
system. Some 800,000 cards were mechanically 
sorted to provide a record of calls from each 
trunk centre to every other trunk centre during 
each half-hourly period throughout the day ,  
thus enabling a more accurate estimate of relative 
degrees of community of interest between trunk 
centres to be made. The addition to the cards of 
perforations corresponding to the standard 
routing of the calls made possible a further 
analysis showing the amounts of traffic proper 
to each existing route. 

The volume of traffic in each charge step and 
the revenue obtained from this traffic has been 
analysed, but this leaves a considerable amount 
of data which can still be extracted from the 
census figures including, to quote one example, 
the proportions of the various types of call, e.g. , 
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personal, transferred charge, and fixed time, 
made from each centre over various distances 
and the times at which the demand for these 
services reaches a peak. 

16. Trunk Network 

During the war, the British trunk network was 
rapidly expanded as a result of defence require
ments, and 1 2-channel carrier now forms the 
backbone of the system, audio-frequency cables 
being used for shorter junction routes. The 12-
channel standard units, 
with appropriate mod u
la ting equipment, may 
be worked over (A) a 
paired cable of 14 or 24 
pairs in which each pair 
may carry up to 24 
channels and separate 
cables are used for 
"go" and "return," 
( B) an air-dielectric 
coaxial cable, in which 
each tube carries up to 
600 channels m one 
direction, or ( C)  a 
solid-dielectric coaxial 
submarine cable, in 
which the number of 
groups is limited by 
the attenuation of the 
cable between adjacent 
repeaters. 

1 7. Radio Links-De
velopment .for Pub
lic Tra.{fic 

served to carry the 1 2  channels of a line carrier 
system without demodulation to audio fre
quencies at the radio terminals. A development 
in recent years has been to apply frequency modu
lation to these 1 2-channel radio systems with re
sulting improvement in intermodulation charac
teristics and in signal-to-noise ratio. A number of 
such systems are in operation or are planned. 

18. Inland Telegraph Service 

] ust before the war and after an exhaustive 
study of the traffic characteristics of the British 

In the past, exten
sive use has been made 
of ultra-short waves 
( 60 megacycles per 
second and above) for 
radiotelephone com
munication over sea 
routes up to 100 miles. 
Many of these have 
been multichannel am
plitude-modulated ser
vices. In some cases, 
the radio link has Teleprinter switch-room in Manchester. 
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telegraph service, it was planned to install an 
automatic teleprinter switching system by which 
any telegraph office equipped with teleprinters 
could communicate directly with any other 
teleprinter office. War broke out before the first 
installation was started, and the heavy commit
ments of work for the armed forces prevented the 
scheme being carried out. This resulted in the 
retention of the existing point-to-point system 
which , by reason of its heavy concentrations of 
traffic at the large towns, was particularly vul
nerable to air attack. To reduce these concentra
tions as far as possible, a policy of dispersal was 
adopted by which traffic circulated through the 
smaller towns, but which , in consequence , in
creased the number of retransmissions. To 
counter this effect, which was aggravated by a 
substantial increase in traffic, a manual switching 
scheme was planned and installation of the first 
two switch-boards began in 1943. This scheme 
has developed steadily since that date, and six 
switching centres are now installed and working. 
Approximately 150 offices will be connected to 
the system and something like 100 ,000 telegrams 
per day signalled over it when it is complete. 

In February, 1 945 , ·when it was evident that 
the end of the war was not far off, steps were 
taken to begin the preliminary work for recom
mencement of the automatic switching pro
gramme. Much valuable knowledge of telegraph 
switching schemes had come from the war-time 
experience and the pre-war design was entirely 
re-examined and improvements made. In par
ticular, it has been decided to abandon the use 
of the standard Post Office No. 3 teleprinter and 
to adopt one using the International Teleprinter 
Alphabet No. 2 .  The ·commencement of the 
scheme is planned for 1949, and it is hoped to 
complete it by 1954. Ultimately , approximately 
700 teleprinter offices will be connected and 
will be given full inter-communication by dial
ling. There will be 26 automatic switching 
centres. The system will incorporate certain new 
features such as automatic return of the answer
back signal and suspense conditions on calls to 
engaged lines. 

A system of automatic distribution of calls 
from telephone subscribers wishing to dictate 
telegrams is also being developed. The principles 
are.similar to those used in such systems in other 

countries, that is, distribution to disengaged 
operators, and storage and queueing when no 
disengaged operator is available. The usual 
waiting call indicators will be provided. 

19. European Telegraph Services 

Voice-frequency telegraph systems on coaxial 
submarine telephone cables have been set up and 
improved performance and a considerable in
crease in the number of telegraph channels to the 
continent have resulted. The additional channels 
provide a sufficient margin to permit the estab
lishment of private telegraph circuits for the 
larger users between Great Britain and the con
tinent, and also for the development of Telex 
services with the continent, thereby catering for 
short-duration connections between teleprinter 
renters in Great Britain and the continental 
countries. Telex service with Belgium, Holland, 
and France has been established, and it is hoped 
to open service to Switzerland shortly. 

20. Extra-European Telegraph Services 

The public telegraph services between the 
United Kingdom and places outside Europe are 
operated by telegraph companies, and not by the 
British Post Office. Telegrams for all parts of the 
world are, however,  accepted at all postal tele
graph offices. 

21 . Development of Overseas Telephone 
Services 

During the war, international telephone com
munication was almost at a standstill . All land
line communication with the continent of Europe 
had ceased by the time France was overrun ; the 
radiotelephone services were maintained only 
when absolutely necessary and then under severe 
censorship restrictions. 

From D-Day onwards, telephone and tele
printer circuits have been progressively restored , 
first for the use of the armed forces for communi
cation between bases in England and advanced 
positions on the continent, and later for public 
service. 

Plans for post-war development are based on 
carrier technique and take advantage of the 
lessons learned in the manufacture, laying, and 
use of the carrier cables across the English 
Channel during the final phases of the war. 
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The majority of the cross-channel cables that 
were cut during the war had been designed for 
audio-frequency use although a few had been 
designed for carrier working ;  the full facilities 
amounted to about two hundred circuits. Cir
cuits in the war-time carrier cables have been 
set up as public-service circuits and work in the 
manufacture and laying of new coaxial carrier 
cables is well in hand to meet future needs. 

To cater for Anglo-French requirements, two 
of the cables laid during the war provide 60 
channels per cable and , when the 1939 St. Mar
garets Bay-Calais carrier cable is repaired , an 
additional 1 68 circuits will become available. 

Traffic between Britain and Belgium is al
ready considerably in excess of the pre-war level. 
Many additional circuits will be required, not 
only to meet the needs of Belgium, but also of 
services beyond. The provision of a new single
core coaxial cable of a larger and improved type 
is in hand and will yield over 200 circuits. 

To extend the additional French and Belgian 
circuits from St. Margarets Bay to London and 
to cater for possible television requirements, a 
four-tube coaxial cable is to be laid, which will 
be able to provide for up to 1200 circuits. Simul
taneously, the French and Belgian administra
tions are making plans for extending the circuits 
across their countries. 

A new cable is already in course of manufacture 
for the Anglo-Dutch route which, it is hoped, will 
be ready for service by the end of 1947. The 
cable, which will be 86 nautical miles in length, 
will be of the coaxial type similar to that which 

is proposed for the new Anglo-Belgian cable. 
The possibility of fitting ultimately two sub
merged repeaters to make the cable capable of 
providing 250 circuits is being considered. 

Thus the British Post Office, in conjunction 
with the other administrations concerned, is 
looking well ahead. As a member of the Comite 
Consultatif International Telephonique, Britain 
is participating in a study of the problem of 
providing an "on demand" service in Europe, 
and is planning its communications accordingly. 

On the overseas radiotelephony side, the 
services have been extended to meet the growing 
demand , and additional services are opened 
as and when the need arises. The Rugby trans
mitting station is to be extended, and a new 
receiving station will shortly be provided. 
Single-sideband equipment is available for all 
services and will be brought into use generally 
as equipment becomes available at the overseas 
terminals. 

22. Ship-Shore Radiotelephone Services 

The pre-war facility of radiotelephone com
munication between ship and shore with a link 
service to the inland telephone system has 
been restored and expanded. In addition, con
sideration is being given to the provision of a 
very-high-frequency radiotelephone service for 
direct two-way communication between ships 
and shore to facilitate navigation , docking, etc. 
in coastal ,  port-approach, a nd harbour areas. 
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Department of Posts atcd Telegraphs, Pretoria, Union of South Africa 

and 

H. J. BARKER 

Standard Tekphones and Cables, Limited, London, England 

SYSTEM provides 1 2  addi
tional two-way speech channels over an 
open-wire pair on which a three-channel 

carrier telephone system and the usual voice 
facilities may already be operating. That is, it 
increases the capacity of a pair from 4 to 1 6  
telephone channels. 

With the ever-increasing demand for long
distance communication facilities in the Union of 
South Africa, the administration has embarked 
on a comprehensive programme of installing such 
systems. The initial programme includes 1 2  sys-

TERMINAL 
- REPEATER 

U UNATTENDED STATION 

WORCESTER 
B 

COLESBERG 

AVONTUUR 

terns, 6 of which are long-haul circuits utilizing 
one or more repeaters, the other 6 being for short 
distances, directly connecting nearby communi
cation centres without intervening repeaters. A 
rough map of these routes is shown in Fig. 1 .  It 
is proposed to install 20 additional systems by 
the end of 1948 . 

The· carrying-out of such a programme in
volves considerable work on the open-wire lines. 
The administration has reconstructed and re
transposed all existing routes concerned , and has 
on hand the building of some 2000 to 3000 miles 

UMT 

KING 

A soJ·l2A PORT SHEPSTONE 

WILLIAMSTOWN BUTTERWORTH ( FILTER HUT ) / 
B' EAST LONDON 

PORT ELIZABETH 

Fig. 1-Map of the initial 12 SOJ systems installed in the Union of South Africa. 
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0 

FREQUENCY IN KILOCYCLES 
Fig. 2-Frequency pattern of the four variations of the SOJ-IZ system. Real carriers are shown by solid arrows 

and virtual carriers are indicated by dashed arrows. The SOS-3 and SO T-3 systems have been included to show 
how the SOJ-12 may be added to circuits already using these 3-channel equipments. 

of new J-type trunk routes, suitable practices 
being followed to enable further SOJ systems to 
be added at a later date, up to a total of from 8 to 
12 systems. 

It is the purpose of this article to describe the 
application on the Johannesburg-Bloemfontein 
route of the first SOJ system to be installed in 
the field. 

1. SO] System 

The system operates on a "grouped-fre
quency" basis, i .e . , different frequency groups 
are used in the two directions of transmission on 
the line , equivalent to 4-wire operation over 
the pair. Four variants of the system are avail
able, designated SOJ-12A -D,  utilizing frequency 
inversion and staggering to ease the problems of 
transposition design and crosstalk whenever more 
than one system is required to operate on a 
route. Similar principles are already widely used 
in the application of three-channel carrier 
systems. The frequency allocations are shown in 
Fig. 2 .  

Figs. 3 and 4 show the block schematic ar
rangements of typical terminal and repeater 
stations. Outgoing speech currents on each of the 

12 channels pass to the copper-oxide modulators 
and crystal band filters and then to a common 
transmitting group circuit. Interposed between 
the modulators and 4-wire terminating sets are 
2-wire to 4-wire switching circuits, which provide 
the facility for extending each channel on a 4-
wire basis as an alternative to the 2-wire termina
tion. 

,\s shown in Fig. 5 ,  the frequency range oc
cupied by the channels at this stage extends from 
60 to 108 kilocycles, the lower side-bands of the 
1 2  carrier frequencies , 64, 68, . . . .  , 108 kilo
cycles, being selected by filters. The equipment 
providing this 'basic' group of 12 channels is 
common to SOJ-12 ,  coaxial, and 12-channel 
cable systems. 

The group of 12 channels passes through a 
filter, which further suppresses the channel 
carrier frequencies, to a hybrid coil where two 
pilot frequencies are introduced and thence to 
the first group modulator to which a carrier 
frequency of 340 kilocycles is applied. The upper 
side-band, occupying the range from 400 to 448 
kilocycles , is selected by a filter, and the signals 
are raised by an amplifier to a suitable level for 
application to the second group modulator. The 
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frequency used for the second stage of modula
tion is dependent on the direction of transmis
sion and type of system, being 364 kilocycles at 
Johannesburg and 543 kilocycles at Bloemfon
tein. The output passes through a low-pass filter, 
which selects the lower side-band of this modula
tion process. Compensation for the distortion 
introduced by the various items of equipment is 
provided in the equaliser to give a nominally 
flat characteristic over the required line fre
quency range, i.e. , 36 to 84 kilocycles in the 
direction from Johannesburg to Bloemfontein 
and 92 to 143 kilocycles for the reverse direction. 

The transmitting amplifier, which is designed 
to combine high gain with large power-handling 
capacity, raises the signals to a level suitable for 
transmission to line ( + 1 7  decibels relative to 
the transmitting trunk switch-board per channel). 
The signals pass to line by way of the directional 
and line filters and line plant. . 

On the receive side, incoming signals pass 
through the regulating equipment, which is 
described later, to the demodulation circuits, 
which function in a similar way to the modulat
ing circuits on the transmit side, to translate the 
incoming line frequencies to the basic group from 
60 to 108 kilocycles prior to the final demodula
tion process for separating the 12 channels. 

The carrier supplies are derived from a 4-
kilocycle valve-maintained tuning-fork oscillator, 
which operates into a harmonic generator. These 
oscillators have a high degree of frequency 
stability, being maintained readily in practice 
within 18 parts in a million of the nominal 
frequency. Odd harmonics of 4 kilocycles are 
produced in a saturated coil and even harmonics 
in a copper-oxide rectifier. The frequencies 
required are selected by crystal filters, followed 
in the case of the group frequencies by amplifiers 
to raise the carrier to a level suitable for applica
tion to the group modulators. 

Three of the group frequencies, namely, 306, 
541 , and 543 kilocycles, which are required for 
certain frequency allocations, are not multiples 
of 4 kilocycles. For their derivation, a 5-kilocycle 
oscillator is locked to the main 4-kilocycle supply 
and its output is used to modulate an appropri
ate harmonic of 4 kilocycles selected by a crystal 
filter as for the other supplies. Thus 306 kilo
cycles are derived from 316  kilocycles (multiple 

of 4 kilocycles) and 10 kilocycles (multiple of 5 
kilocycles) . 

The frequencies for the channel carrier supplies 
are developed in one bay capable of feeding 1 2  
systems, and the group and pilot frequencies are 
produced in an associated bay capable of feeding 
8 systems. 

Units of the carrier supply system, which on 
failure would cause all 12 channels to fail ,  that is, 
the master oscillator, harmonic generator, and 
group carrier amplifiers, are duplicated ; in the 
event of failure automatic change-over takes 
place. A further feature of this circuit is its ability 
to discriminate between a major and minor fault, 
for, whereas a failure of the 340-kilocycle supply 
would cause all the associated systems to fail, 
failure of any of the other group frequencies 
would cause only some of the systems to fail. In 
the event of a failure on both sets of supplies, the 
change-over panel functions to maintain working 
.the set which has the less-important fault. 

The repeater, shown schematically in Fig. 4 ,  
functions in the ordinary way to amplify the 
signals at the l ine frequencies and retransmit 
them to line at the appropriate level ( + 1 7  
decibels relative to the transmitting trunk 
switch-board) . 

The method of regulation using two pilot 
frequencies in each direction of transmission is of 
interest. With changes in weather, especially in 
areas where fog, sleet, and ice are experienced , 
the attenuation characteristics of open-wire lines 
change in slope as well as in basic loss. 

The gain-frequency characteristic of the re
peater or receive terminal is designed to cover 
the ranges of slope and flat loss in the lines. As 
shown in Fig. 6, the slope can be varied between 
the limits defined by cc' (or hh') and dd' (or gg') .  
Any slope characteristic inside these limits can 
be moved up or down within the range shown by 
changing the flat gain.  It will be observed that 
the slope characteristics for any fixed flat gain 
come virtually to focal points at the highest line 
frequency in the low-frequency direction of 
transmission and at the lowest line frequency in 
the high direction. Thus, by using pilots at or 
near these focal points, the fiat gain may be 
controlled, whereas pilots at or near the other 
extremes of the frequency ranges may be used to 
vary the slope without radically affecting the 
flat gain. 
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The pilots transmitted from the terminal are 
selected by narrow-band crystal filters at the 
output of the line amplifiers, at repeaters, or at 
the output of the receiving group amplifiers at 
receiving terminals. They are separately ampli-
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Fig. 6-Range of gain in repeater or receive terminal. 
A is the typical overall gain characteristic for 65 miles of 
300-pound copper conductors spaced 8 inches in dry 
weather. B is for wet weather. F is for flat and S for slope 
pilots. 

fied and rectified, the direct component of volt
age being used to bias an oscillator. This oscil
lator supplies power to the heater of a thermistor, 
which is a device producing a variation in resist
ance for a change in heater currents. 

By incorporating the resistance element of the 
thermistor in the feedback or coupling path of 
an amplifier, the flat gain is readily controlled in 
the orthodox way. The variable-slope networks 
are designed to give a family of linear curves for 
different values of thermistor resistance. Thus, 
it can be seen that by using the appropriate 
pilots to control the slope and flat gain , it is 
possible to achieve the required characteristics 
shown in Fig. 6. 

I t  will be apparent that the gain and slope 
variation in the transmission path are dependent 
on a change in pilot levels at the output. By 
suitably designing the circuits, it is practicable 
to cover the whole range shown in Fig. 6 by a 
pilot change of the order of 0.5 decibel. In other 
words, as the pilot-to-signal-level ratio is fixed, 
the signal levels will not vary by more than 0.5 
decibel for all changes in slope and loss in the 
lines that can be covered by the range of the 
repeater or receiving terminal gain shown in the 
figure. For testing purposes, of if otherwise re
quired, the regulation may be fixed manually by 
rheostats controlling the flat and slope gains of 
the circuits. 

1 . 1  ALARM TRUNK CIRCUITS 

On a system of this nature, with fully auto
matic pilots compensating for all reasonable line 
variations, it is possible to leave some of the 
repeater stations unattended. This is often 
desirable in view of the fact that repeater spacing 
of about 7 5 miles, which is normally practicable 
on the SOJ system, approximately doubles the 
number of stations previously used for three
channel operation. 

The alarm trunk circuit has been developed 
specially for use in conjunction with unattended 
SOJ repeater stations. Faults or alarm conditions 
at the unattended station are indicated fully 
back to the attended control station, which may 
be the next repeater or terminal , by means of 
signals transmitted over a physical or derived 
direct-current telegraph circuit. Typical alarms 
indicated in this way include such conditions as 
mains failure and mains restored, rectifier failure, 
and low fuel in the engine-generator. 

In addition, the unit operates in the other 
direction, giving the attended station control 
over' the other station, enabling the remote at
tendant to switch power to a spare repeater, 
to switch from automatic working with pilots 
to manual operation of the repeater, or to effect 
other similar changes as required. 

1 . 2  lNTERSTATION COMMUNICATION 

Facilities are provided whereby all stations or 
selected groups of stations along a route may be 
in direct communication. By using bridging 
filters across a suitably chosen line, the circuit is 
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arranged to introduce no appreciable loss except 
when actually in the talking condition, so that 
there is negligible interference with normal com
merical traffic. The effect at all times on a three
channel carrier system operating on the pair is 
negligible. 

Any physical or derived direct-current tele
graph leg may be used in conjunction with the 
telephone panel to provide a signalling circuit 
between the stations and any simple code may be 
used to make the calling selective. 

2. Line Facilities in the Union 

The administration has done a considerable 
amount of experimental work with a view to 
determining the type of line construction most 
suited to its needs. New main trunk routes are 
being built entirely to the J-3 transposition 
design, in which every pole on 6.4-mile trans
position sections is a potential transposition pole, 
300-pound copper wires are supported on 40 
poles per mile, the wires of a pair being spaced 8 
inches apart, and the crossarms being 24 inches 
apart. The pole spacing and sag regulation is kept 
within close limits as required by the theoretical 
design. On existing K-8 and K-8-2 routes, with 
32 or 40 poles per mile, where SOJ operation is 
required new J-3 pairs are being erected, the 
existing wires being retransposed where neces
sary to avoid conflict with the J-3 transpositions. 
A typical terminal pole-head with lead-in cable 
for two SOJ pairs is shown in Fig. 7 .  

Measurements on the lines are facilitated by 
the use of special mobile test vans equipped with 
oscillators, transmission-measuring sets, cross
talk sets, impedance bridges, etc., together with 
the necessary power supply and lighting arrange
ments. Up to four open�wire pairs at a time are 
connected from the crossarms to separate in
sulated terminals on the exterior of the van by 
loosely twisted pairs of 7 /0.029 indiarubber 
vulcanized wire, the terminals on the inside of 
the van being wired to a U-link panel. The test 
gear is wired to other U-links and switches, and 
the apparatus appropriate to the required meas
urement can thus be readily connected to the 
pair or pairs under test. Adequate accommoda
tion is provided in the van for two observers. 

In a country that comprises so many diverse 
geographical features, maintenance considera-

tions dictate that the main routes should be 
readily accessible to wheeled transport, and they 
are, therefore, constructed along the national 
highways. 

In the smaller towns, it is possible to run the 
open-wire route very close to the office. Specially 
developed low-capacitance star quad cable is 
used to lead in from two open-wire pairs down 
the pole and into the office. The cable is supplied 
with terminations for mounting on the line-

Fig. 7-Typical J-3 terminal pole with lead-in 
cable for two SO J pairs. 

filter bays in the office and on the crossarm of the 
pole. Short stubs of cable are sealed into the 
terminations, and the appropriate length of 
cable is jointed into the stubs at each end. Con
nections from the pole-mounted termination to 
the open-wire lines are made with bridle wire via 
the loading units and coil-and-protector boxes 
described later. This arrangement makes it con
venient to break into the circuit and carry out 
tests and localize faults. 

To prevent reflected near-end crosstalk on the 
open-wire lines from becoming a controlling 
factor at the far end, it is necessary to reduce 
impedance irregularities to a minimum. For this 
purpose the lead-in cable is loaded so that its 
impedance closely matches that of the open-wire 
line. For lengths of lead-in up to 180 feet, the 
required degree of matching is achieved by 
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suitably adjusting a variable load unit mounted 
on a line-filter bay in the office. For longer lengths 
up to 330 feet, this load is supplemented by a 
fixed load unit mounted on the crossarm of the 
terminal pole, connection to this unit being made 
by the bridle wires 1rom the cable termination on 
the office side and by similar wires through the 
coil and protector boxes on the open-wire side. 

The degree of matching achieved is illustrated 
in Fig. 8, which shows the reflection coefficient 
between the open-wire line and the lead-in cable 
at Johannesburg. The office end of the long 
entrance cable \vas terminated in its nominal 
impedance of 1 25 ohms for the purpose of these 
measurements. Normally, of course, with the 
equipment connected, the impedance of the 
directional filter would cause mismatch in the 
frequency range from 84 to 92 kilocycles. 

In the larger centres, the open-wire route 
terminates some distance from the office, and the 
treatment is then necessarily different from that 
described. One method is to use the low-capaci
tance star quad cable with full loading at 600-
foot intervals, the terminal loads being designed 
for mounting on the pole crossarm at one end 
and on the line filter bay at the other. 

The administration, however, has standardised 
for economic reasons on an alternative method 
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Fig. 9-Filter hut at Kroonstad. 

using filter huts. It is not economically practical 
to develop a satisfactory loading system for 
paper-insulated toll entrance cables of the usual 

capacitance at SOJ 
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frequencies. I f  un
loaded pairs are to be 
used, it becomes neces
sary to match the im
pedance of the cable 
to that of the open wire 
and equipment. As the 
impedance of such 
cable changes markedly 
with frequency below 
about 40 kilocycles , it 
is not practicable to 
produce a suitable 
matching transformer 
for high-grade opera
tion at all frequencies 
in the voice and carrier 
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FREQUENCY IN KILOCYCLES 
Fig. 8-Refiection at junction of open-wire line and lead-in cable 

at the Johannesburg terminal. 

range. Such a trans
former, however, is 
available to cover the 
SOJ range of frequen-
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cies, and the procedure, therefore, is  to sepa
rate the SOJ from the lower-frequency sys
tems on the circuit, leading the former into the 
office over a non-loaded pair with impedance 
matching coils and the latter, as hitherto, over a 
pair loaded for three-channel operation. This 
separation is achieved by housing the normal 
SOJ line filters in a filter hut erected near the 
junction of the entrance cable and the open-wire 
routes. The existing entrance cable at Johannes
burg is some 8000 yards long, and extensive 
tests carried out by the administration indicate 
that 10 ,000 yards is a reasonable practical limit. 
Over this length in a 54-pair multiple twin cable, 
it should be possible to select 8 pairs that can be 
balanced for satisfactory crosstalk. The lead-in 
arrangement on the SOJ pairs from the pole 
crossarm to the hut are precisely the same as 
those already discussed. Fig. 9 shows the filter 
hut and terminal pole on the north side of Kroon
stad. 

To limit crosstalk from the SOJ into other 
pairs or into the longitudinal path, retard coils 
are inserted in the wires. These coils, together 
with protectors, are mounted in a box on the 
terminal-pole crossarms, connections to the 
open wires and lead-in cable (if necessary via 
the load) being made with bridle wires as 
mentioned previously. 

As severe lightning storms are frequent in the 
Union, the ordinary protection is supplemented 
by drainage. The arrangement comprises a coil 
bridged across the line in series with protection 
on each side of the coil. The coil centre point is 
earthed, and the protectors operate at a lower 
voltage than the main-line protectors. Hits that 
would not cause the normal protectors to break 
down can seriously affect the operation of voice
frequency telegraphs, and the purpose of drain
age is to reduce these disturbances by ensuring 
that the two pairs of protectors in series with the 
coil break down together and thus minimise the 
currents in the metallic circuit. A subsidiary 
function is to prevent intermittent breakdown of 
the main-line protectors during severe dust 
static. The apparatus is mounted in a box 
identical with that used for the longitudinal 
coils and protectors. 

3. Equipment 

r The equipment follows the standard practices, 
being mounted on both sides of rack frameworks 

10 feet, 6 inches high, on panels 19 inches wide. 
Fig. 10 shows some of the equipment at the 
Bloemfontein terminal. The two carrier supply 
bays can be seen on the left, the others from left 
to right being ringer, channel and frequency
translating bays for system 2 ,  and duplicates for 

system 1 .  
Fig. 1 1  i s  a photograph of the equipment in the 

unattended repeater station at Winburg. \Vork
ing and spare repeater bays are shown in the left 
foreground with one line-filter bay immediately 
behind and the edge of the other on the right. In 
the background, adjacent to the toll test board, 
is the miscellaneous-apparatus bay mounting the 
alarm trunk unit for a controlled station. 

The introduction of these systems in the Union 

Fig. IO-Part of the Bloemfontein terminal equipment. has, in most instances, entailed the erection of 
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Fig. 1 1-Repeater equipment at the unattended 
station at Winburg. 

10-AMPERE OUTLET 

C O M M U N I C A T I O N  

entirely new buildings, either on account of the 
reduced repeater spacing necessitated by the 
introduction of SOJ, or because the existing 
carrier accommodation has become inadequate 
to deal with the new and expected developments. 
With one or two exceptions, the repeater build
ings follow a standard pattern , the plan of which 
is shown in Fig. 1 2 .  It can be seen that the ac
commodation has been planned on a very liberal 
basis to allow for considerable development. A 
typical photograph of such a station is shown in 
Fig. 13 .  

The accommodation required in large terminal 
stations cannot be standardised to the same ex
tent, and each one has, therefore, been con
sidered and planned individually, but always 
with a view to future development. 

All the filter huts are new buildings, and the 
administration has standardised on two sizes, the 
larger of which will cater for 16  pairs and the 
smaller for 8 pairs. The bays supplied for instal
lation in the huts are 7 feet high. The first bay 
mounts terminations for 8 SOJ pairs (4 quad 
cables) and line filters and loads for 2 pairs. The 
second and third bays each mount 3 line filters 
and loads, so that the 3 bays cater for 8 pairs. 

ES 
�CONTROL CUBICLE 

POWER ROOM 

INTERMEDIATE ------" 
DISTRIBUTING FRAME 10-AMPERE OUTLET 

Fig. 12-Standard repeater station arrangement. 
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3 . 1  TEST GEAR 

The test gear supplied with the equipment for 
maintenance purposes is described briefly in the 
following paragraphs. 

At terminal stations, a trolley carries most of 
the facilities normally required for routine main
tenance. The form of this item can be seen in the 
foreground in Fig. 10. It comprises the following 
apparatus mounted on a steel framework. 

A. Transmission-measuring set with all necessary sending 
and receiving facilities over the SOJ frequency range. 

B. 800-cycle oscillator. 

C. A 14-fixed-frequency oscillator g1vmg 12 frequencies 
equivalent to voice frequency on each channel at the out
put of the channel modulating equipment and 2 frequencies 
corresponding to middle frequencies in the bands trans
mitted to line in the two directions of transmission. 

D. Meters for voltage and current measurements and a 
U-link panel. 

The trolley operates from the normal equip
ment supply :voltages, 24 and 130 volts, and each 
bay for the SOJ equipment has a socket suitable 
for the connecting plug on the trolley. 

For measuring the levels of the group-fre
quency supplies, i.e. , up to 600 kilocycles, a small 
high-frequency voltmeter is provided with 0-
2 .S- and 0-S-volt scales. This set is all that is 
required at these frequencies for routine main
tenance measurements. For more detailed tests in 
cases of breakdown, however, a mains-operated 
transmission-measuring set, reading down to 
- SS decibels in the frequency range from 60 to 
600 kilocycles is supplied. 

At repeater stations, a portable transmission
measuring set, which obtains its power supplies 
via a cord which can be plugged into the sockets 
on the bays in a similar way to the trolley, is 
supplied for maintenance purposes. This trans
mission-measuring set incorporates all the nec
essary facilities on the send and receive units for 
such measurements and an oscillator giving the 
two frequencies corresponding to middle fre
quencies in the bands transmitted to line in the 
two directions of transmission. The unit can be 
used with 12- and 130-volt batteries, when re
quired for measurements in the filter hut or on 
the lines. 

Apart from the gear described above for 
routine and maintenance tests, the administra-

tion has felt the need for apparatus suitable for 
making more precise measurements on detailed 
parts of the equipment. For this purpose at 
terminal stations of combined 3-channel and 
1 2-channel repeaters, the following items are 
supplied : 

A. Continuously variable heterodyne oscillator with a 
maximum output of +30 decibels, referred to 1 milliwatt, 
giving a high-grade performance at frequencies in the range 
500 cycles to 150 kilocycles. 

B. Transmission-measuring set covering the frequency 
range 100 cycles to 150 kilocycles reading from -45 to 
+35 decibels, referred to 1 milliwatt, on the receive unit 
and incorporating a send unit suitable for use in conjunc
tion with i tem A. 

Fig. 13-Typical repeater station building. 

Both units are operated from the alternating
current mains and they are mounted, together 
with the mains units, on a trolley framework. 

4. Power Plant 

As many of the stations on the SOJ routes are 
entirely new, no power equipment exists. In 
many of the others, the present power plants are 
inadequate to deal with the additional loads. The 
type of power plant used exclusively by the 
administration in these cases at repeater stations 
and the smaller terminals will be described. At 
the large terminal stations, generators with 
floating batteries are used. 

The equipment supplies of 24 and 130 volts 
are normally provided by rectifier units operat
ing from alternating-current mains. The units 
are designed so that variations of up to ± 10 
per cent in the mains-supply voltage or consider
able variations in the load on the 130-volt supply 
are automatically compensated to maintain the 
output voltage constant within close limits. This 
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Fig. 14--Rectifier delivering 60 amperes at low tension 
and 4 amperes at high tension. 
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Fig. 15-Signal levels at the highest line frequency used 
between Johannesburg and Bloemfontein. The dotted 
curve is obtained with the lines patched through at Kroon
stad. 

maintaining this within approximately the same 
close limits. 

Similarly , if the higher- and lower-voltage 
loads vary in the same ratio, the lower voltage is 
maintained approximately correct. As the SOJ 
equipment is designed to use ballast lamps in all 
the valve heater circuits, considerable divergence 
in the load ratios is permissible before the lower 
voltage falls outside the range that can be 
compensated. The higher voltage will be main
tained within the limits of the control relay and, 
in practice, it is possible to achieve approximately 
± 1 per cent. 

Three sizes of rectifiers are available, delivering 
at lower and higher voltages, respectively, 30 
and 2 amperes, 60 and 4 amperes, or 100 and 6 
amperes. The higher- and lower-voltage supplies 
in the two smaller plants are derived in one 
cabinet, but for the larger plants, separate units 
are used. A photograph of a 60/4 unit is shown in 
Fig. 14. The other equipments are similar in 
appearance, the height and width being the same 
in all cases. 

As protection against mains or rectifier failures, 
the standby plant consists of a Diesel engine
generator yielding regulated direct-current out
puts at 24 volts and 130 volts to the station 
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equipment through the smoothing filters in the 
rectifier. This plant is arranged to start up auto
matically in case of a mains or rectifier failure. 
Small-capacity batteries of a totally enclosed 
type are floated across the rectifier outputs and 
supply the equipment during the period of some 
15  seconds before the generator takes over the 
load. The engine starter battery is fully recharged 
from the starter motor, which becomes a genera
tor following the automatic change-back of the 
load to the rectifier unit on restoration of the 
normal mains supply, before the engine shuts 
down. A fuel tank, capable of keeping the engine 
running for 48 hours, ensures that even at un
attended stations there will be no break in the 
service. It is considered practicable within this 
time for an attendant to reach the station and 
either refuel the engine or service the power plant. 
With such a reserve, this action should be pos
sible even at week-ends and similar periods, when 
only a skeleton staff normally mans the station. 

5. Line-up of Circuits : Joannesburg
Bloemf ontein 

Fig. 15 shows the signal levels, relative to the 
transmitting trunk switch-board , at the highest 
line frequency along the route in the two direc
tions of transmission, as measured in dry 
weather during the initial line-up of the system. 
The greater slopes at Johannesburg, Bloemfon
tein, and on both sides of Kroonstad are due to 
entrance cables, but it should be understood that 
no attempt is made to show the relative lengths 
of cable and open wire on the horizontal axis. 
The dotted lines show the levels with the lines 
patched through at Kroonstad ; during the course 
of the tests such a patch was made and the system 
was found to align itself and work perfectly 
satisfactorily. By examining this figure in con
junction with Fig. 6, it will be seen that even 

under these conditions the repeater still has a 
considerable margin of gain in the two directions. 

The circuits were lined up to a 3-decibel 2-wire 
equivalent. It is interesting to note that ulti-

i! j m 1 1  ntitf H �-1 
200 600 1000 1400 1800 2200 2600 3000 3400 

FREQUENCY IN CYCLES PER SECOND 

Fig. 16-Quality curve related to 800-cycle transmis
sion. The solid curve is the average of 12 channels and the 
maximum departures are indicated by the dotted curves. 

mately it will be lined up to 0 decibel, for, to 
conform with the administration's zoning plan 
whereby any two subscribers throughout the 
country may be interconnected with a pre
scribed maximum overall loss, all major trunk 
carrier circuits will have a zero equivalent. 
Automatic trunk switch-boards providing 4-wire 
switching on a tail-eating basis with pad con
nections will be used. 

Fig. 1 6  shows the quality curve, relative to 
the 800-cycle point representing the average of 
the 1 2  channels in the B-A direction of trans
mission. The dotted curves show the spread, i.e. , 
they are drawn through the extreme figures at 
each frequency. 

Noise measurements were made on each 
channel, after lining up to 3-decibel equivalent 
in each direction of transmission. The worst 
channel gave 2.0 millivolts psophometric electro
motive force of weighted noise. All other channels 
gave figures better than 1 .0  millivolt, more than 
half the channels being better than 0.5 millivolt. 
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General view of the central control room of the Manchester Corporation Electricity Department. In the background are the panels 
for the remote control, indication, and metering of nine 33-kilovolt main substations. To the right of these is the 33-kilovolt system 
diagram separated from the 6.6-kilovolt diagram, shown in part on the extreme right, by a central loading and frequency panel. 
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Operational Control of Electricity Supply Systems * 
By W. KIDD, M.l.E.E. 

�Manchester Corporation Electricity Department, Manchester, England 

and E. M. S. McWHIRTER, M.l.E.E. 

Standard Telephones and Cables, Limited, London, England 

UPERVISORY EQUIPMENT for the 
remote control of plant has proved to be 
thoroughly reliable and to facilitate effi

cient operation of electricity supply systems. 
This paper gives the reasons for, and the steps 
taken to develop, the common-diagram control 
system, which enables an almost unlimited num
ber of substations, etc. , to be completely con
trolled from one diagram and control panel and 
is sufficiently flexible to cater for the growth of 
the undertaking. It describes a wall-type system 
diagram which automatically indicates which 
substations have changed conditions, and there
fore the area involved in any disturbance. The 
system diagram is equally extensible to accom
modate new feeders and substations, with a 
minimum of operating disturbances. 

Particulars of the circuits and apparatus, and 
comparisons of floor area, pilot, and cost econo
mies are given ; also information of an installation 
dealing initially with 78 substations, to which 
others are being added. 

I. Introduction 

1 . 1  GENERAL 

Factors essential for the satisfactory opera
tional control of an electricity supply system 
include : 

A. Accurate forecasts of load conditions. 

B. Knowledge of current flow and fault MV A 
in all parts of the system. 

C. Immediate notification of occurrences on the 
system. 

* Reprinted from Journal of the Institution of Electrical 
Engineers v. 92 Part I I ,  pp. 3 1 1-322 ; August, 1945. 
Presented' before

' 
Transmission Section, March 14, . 1945 ; 

North-Western Centre, March 13, 1945 ; North M1�land 
Centre, March 20, 1945 ; Tees-side Sub-Centre, Apnl 14, 
1945 ; East Midland Sub-Centre, October . 30, 1945 ; 
\Vestern Centre, November 12 ,  1945 ; Scottish Centre, 
November 14, 1945 ; Mersey and North Wales Centre, 
January 7, 1946; South Midland Centre, Januar� 9, 1?46; 
and North-Eastern Centre, February 25, 1946. Di�cuss10ns 
at these meetings published in Journal of the Institution of 
Electrical Engineers, v. 92, Part I I ,  pp. 322-326 ;  August, 
1945 ; v. 92, Part I I ,  pp. 554-561 ; December, 1945 : and 
v. 94, Part I I ,  pp. 33-45 ; February, 1947. 

D. Facilities for voltage regulation and the 
performance, without delay, of switching opera
tions. 

Many supply authorities have an organization 
for the collection of statistics, and for the plan
ning and execution of operations. Calculating 
boards to ascertain fault MVA and the current 
flow, in all parts of the system under all condi
tions of working, are of great value in enabling 
the results of switch operation to be forecast. 
The. more progressive organizations have in
stalled remote supervisory control gear for the 
rapid acquisition of information from the system, 
to enable voltage to be regulated and switching 
performed directly from a central control room. 

1 . 2  REASONS . FOR DEVELOPING A COMMON
DIAGRAM SUPERVISORY SYSTEM 

Supervisory control equipment which was in 
service prior to the year 1943 had the disad
vantage of being found inflexible when extensions 
were necessary. If a larger number of substations 
had to be controlled, the floor space required · 

became excessive because an individual panel 
was required for each substation, whereas for the 
common-diagram system only one small desk is 
required for any number of substations, and only 
a pair of pilot lines is required for a group of 
substations (Fig. 1 ) .  

It became obvious that, to  render practicable 
the application of remote-control equipment to 
a large number of substations, new development 
beyond these individual systems was essential. 

Routine operational control is secondary in 
importance to that which it is necessary to 
provide for a network disturbance. For this 
condition a control engineer requires to know 
first the extent of the disturbance, and second, 
detailed information of the state of affairs at 
various points on the network. This detailed 
information he will acquire point by point 
m order of importance as judged from his 
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experience and knowledge of the extent of the 
disturbance. 

Therefore, if there is a pictorial representation 
of the whole system which indicates autom�ti
cally the substation affected by a disturbance, 
then the engineers' requirements will be fulfilled 
by a " common" control desk providing detailed 
control and indication of any substation. 

This paper describes a new supervisory-control 
system designed to meet these requirements for 
Manchester. It includes a wall-type system dia
gram in combination with a control desk of 
moderate size, which is capable of having any 
additional number of substations connected to 
it, without increasing the size of the desk, and 
at less cost than individual panels. 

1 .3 SYSTEM DIAGRAMS AND CONTROL BOARDS 

A large diagram with miniature indications 
automatically displaying every switch position 
in the system might seem to be ideal, but a few 
observations on its undesirability will illustrate 
the reasons for choosing the type of diagram 
adopted. 

If switch indication only is required, the dia
gram may be 10 feet high and the indicators will 
be within vision, but if control is also required, 
experience has shown that the control switches 
should be located between 2 feet and 6 feet 6 
inches above the floor level. This consideration 
means that, if many feeders and substations are 
to be represented, the diagram becomes dispro
portionately long, to the detriment of its pictorial 
value, and, owing to crossing lines, results in 
loss of clarity. 

Individual automatic switch indicators and 
control keys require individual relays and wiring. 
This tends towards inflexibility, and, although 
mosaic types of diagrams are helpful in over
coming this defect, it is doubtful whether they 
could successfully cater for both control and 
indication. Diagrams should therefore be capable 
of rapid and easy modification, but this becomes 
increasingly difficult of attainment as the amount 
of detail ol'l. the diagram is increased. 

A control engineer is less concerned with the 
geographical position of a substation than with 
its electrical position, i .e . ,  the section of genera
tors from which it is normally fed , the alternative 

INDIVIDUAL SYSTEM COMMON-DIAGRAM SYSTEM 
SUBSTATIONS 

�1P 
CONTROL 

SUBSTATIONS 

PILOT-LINE 
SWITCHING AT 
TANDEM 
STATION 

Fig. 1-A comparison in outl":te of in?ividual 
. 

an
_
d 

common-diagram systems. Supervisory eqwpment, md1-
cated by the open boxes, is connected to the switchgear, 
illustrated by the larger boxes which are subdivided by 
vertical lines. 

means of supply, which feeders may be paralleled 
and which should not be coupled, etc. 

Even large, complicated systems can be repre
sented by a diagram restricted to straight lines 
interconnecting substation symbols, each of 
which has a lamp automatically illuminated 
when the conditions at that substation change. 
These diagrams, built up of small moulded 
panels, can be arranged to form control room 
walls. They are built up on a jack-in tile basis, 
each tile being easily removable. Adhesive 
coloured tape is used to make rectangles and 
straight lines to represent substations and 
feeders, respectively. The tape diagram is easily 
and quickly modified to cater for extensions to 
the system. A pilot lamp is inset in the portion 
of a tile within the substation symbol. Connec
tions to three such lamps can be made through 
four pin connectors per tile, which also form the 
means of fixing the tile. The system diagram 
has small plug-in disc indicators of various 
colours and symbols. This enables the wall dia
gram to be hand-dressed to represent, to any 
desired extent, the conditions on the system. 

The geographical layout of feeders and sub
stations forming a section of the area is shown in 
Fig. 2, and the form in which this section 
appears on the system diagram is shown in Fig. 3 .  
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1 .4 COMMON-DIAGRAM CONTROL DESK 

More detailed information from a substation, 
and also remote control of equipment, must be 
provided if the system is to be complete. The 
control and indicating equipment must be 
capable of being applied at will to any substation. 

When the substation plant arrangements for a 
distribution system are reviewed, it is found 
that the least common multiple of equipment 
required is not much larger than that of the 
ultimate largest requirement of any substation 
to be provided on the system. This is reasonably 
easy to state since, for reasons of economy, and 
also of load distribution and voltage drop, it is 
not good policy to permit the unlimited growth 
of a single substation, however great the load 
density may be. 

Thus, a least common multiple of supervisory 
remote control equipment can be designed for 
any group of substations. The problem of making 
such an equipment available to any one of a 
number of substations involves two problems, 
namely : 

Fig. 2-Geographical layout of a section of 
feeders and substations. 

A. Switching pairs of pilot wires to make them 
available to the equipment, one pair at a time. 

B .  Setting the equipment so that for a period 
of time it loses its least-common-multiple char
acter and takes on that of the particular sub
station. 

A solution has been achieved by the use of 
telephone-switching apparatus and methods, and 
may be summarized th us : 

A. The diagram must represent the least com
mon multiple of the substations, either by rows 
of lamps or by diagram. 

B. Feeders and transformers, etc . ,  must bear 
identity numbers, and means to display them. 

C. For flexibility in extension, substations must 
be given numbers. 

D. Means should be provided to display identity 
numbers of more than the one substation which 
is occupying the common diagram. In addition 
to lamp indication on the system diagram 
of all substations reporting trouble, there should 

Fig. 3-System diagram layout for the section of feeders 
and substations shown in Fig. 2. 
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be means to display the identity number of 
substations occupying or requiring to occupy the 
common diagram. 

1 .5 PILOT LINES 

Line-signalling circuits between the control 
station and the substations are necessary in any 
supervisory system. The pilot lines which exist 
between substations are rarely the result  of a 
single planned installation which considers all 
possible present and future requirements of 
telephony, protection, intertripping, remote con
trol, etc. The two extreme arrangements possible 
in any set of pilot lines are : 

A. Pilot lines radiating individually to all sub
stations from the control point. 

B. All substations connected on one omnibus 
pilot line to the control station. 

Rarely would either be met on a large system. 
This results in each case having to be treated on 
its merits, but a study of almost any existing 
network usually reveals a possible satisfac
tory arrangement even if, in a few instances, 
lines have to be added or switched. In the 
common-diagram system, economy can be ef
fected by grouping substations around radiation 
points so that only a one-pair line between each 
substation radiation point, called a tandem 
station, and the central control is required. 

It might be argued that it provides bottlenecks 
if a number of substations require to signal a 
supply failure simultaneously, but this is not 
serious for two reasons: 

A. On any scheme employing a common dia
gram, fundamentally only one station can be 
connected at a time and therefore a pilot-line 
bottleneck at each tandem station does not 
worsen this arrangement. 

B. Also, substations can be arranged to signal 
their identity immediately a supply failure 
occurs. This signal is short, and when received 
it lights the station pilot lamp on the system 
diagram. Immediately one such signal is received, 
the equipment is free to accept a second, so that 
as little time as possible is lost in providing the 
control engineer with the names of the substa
tions affected by the failure. He, then, from his 
knowledge of the network, assisted by the system 

diagram, should be able to determine in what 
order of priority he desires to examine the 
individual switchgear conditions of the substa
tions and select and call them to his common 
diagram in that order. 

Indeed, this method ensures that the control 
engineer operates in the correct manner in the 
event of a major disturbance, in that it first 
directs his attention to the overall picture before 
it is too strongly attracted by one particular 
feature about which he might be tempted to 
take some premature action. 

Further economy could be effected by the 
adoption of party-line working from each tan
dem, but as the number of substations for each 
tandem may be larger than present-day relay 
design allows for in party-line working, a mixed 
system from each tandem would result. It is 
better for circuit uniformity to have either all 
non-party lines or all party lines ; the layout of 
existing pilots will in general govern the decision . 
For example, common-diagram system applied 
to the control of traction substations would 
require party lines rather than the tandem
station arrangement to provide an economy of 
pilot lines, whilst supply distribution will in 
general find the tandem-station, non-party line, 
best suited to its geography. 

The circuit design can, if desired, be arranged 
to permit the operation of a telephone over the 
same pilots as the supervisory facilities. 

1 .6 GENERAL PLAN 

Association of these ideas enables a general 
plan to be stated for their application to a 
specific case. 

Each substation is connected by a telephone 
pair to a tandem station. Equipment at the 
tandem consists of line relays and a line-finder, 
so that the pilots connecting the tandem station 
to the central control equipment can be switched 
to any one of a number of substations at the 
request of either the substation or the control 
engineer. One telephone pair only is required 
between each tandem station and the control 
station. 

Circuits at the control station are so arranged 
that each tandem-station line circuit can be 
connected to a free connecting or link circuit 
under stimulus from either a substation equip-
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ment or the control station. At the same time a 
substation marker circuit can be energized by 
information received over the tandem-station 

. line circuit, indicating the number of the sub-
station which is calling or is to be called. 

By these means, a substation is identified and 
its number displayed on the desk either by the 
control engineer originating the request for it or 
by fault conditions causing the substation to 
indicate these conditions. 

Simultaneously, the particular substation lamp 
on a system diagram is illuminated, the lamps 
showing the extent of the area affected by a 
disturbance. The number of lamps that can be 
illuminated simultaneously is independent of the 
number of links serving the desk, and, whether 
or not the desk is free, an incoming signal from 
a substation must always serve the purpose of 
illuminating its associated lamp on the wall
system diagram. 

Having occupied a link circuit, a substation 
can be arranged to occupy the common diagram 
on the control desk, causing it to display the 
switchgear conditions at that substation, and to 
provide remote-control facilities. 

2. Application of the Common-Diagram 
System 

2 . 1  GENERAL 

The application of common-diagram super
visory equipment to the operational control of 
an electricity supply system can now be con
sidered, Manchester being taken as an example 
and the number of 33-kilovolt and 6.6-kilovolt 
substations being 14 and 410, respectively. The 
33-kilovolt substations are used as control tan
dem stations. 

Supervisory control of some of the non
attended 33-kilovolt substations had been in 
commission since the year 1 929,  and the experi
ence of operational control proved that the 
equipment was a valuable asset ; supply had been 
resumed within a few minutes after interrup
tions, whereas without supervisory gear a delay 
of half an hour would have occurred. It was 
decided to extend the use of supervisory gear ; a 
selection of substations (78) , where load and 
switch control was considered to be of particular 
importance, was made for an initial installation. 
A proviso was made that the type of gear to be 

installed must be capable of extension to deal 
with a much greater number of substations. 

The individual-panel type of supervisory gear 
was, for reasons previously given in the paper, 
considered to be impracticable for such large
scale development, and consequently the com
mon-diagram system was evolved. 

2 . 2  PROBLEM OF RELATING ALL TYPES OF 

SUBSTATION TO A LEAST COMMON MULTIPLE 

In most undertakings there exist variations in 
the design of substations, but these physical 
differences do not seriously affect supervisory 
control and indication. 

Any system of remote switchgear indication is 
concerned primarily with three fundamental 
types of equipment : 

A. Two-position devices such as oil circuit 
breakers, isolators, alarms, etc. 

B. Multi-position devices such as transformer 
tap-change gear. 

C. Meter readings or the transm1ss10n of con
tinuously variable quantities. 

The controls required are almost wholly con
fined to one of two conditions, namely " closed" 
or " open," " on" or " off,"  " raise" or " lower." 

From these fundamentals many variations are 
derived, such as duplicate busbars, " fleeting" 
contact alarms, etc. ,  all of which usually involve 
only the addition of relays to translate their 
variations back to the standard types of condi
tion. 

In designing a control desk, therefore, to cater 
for various types of equipment, the same control 
and indication devices can be used, since these 
have only to fulfil one or other of the above
named universal conditions. Similarly, so far as 
the control panel is concerned, the type of the 
switchgear and diagram of its operating circuits 
are immaterial ; where differences occur they 
must be catered for by local supervisory relays. 

The common-diagram control desk therefore 
includes the greatest number, in any one sub
station, of two-position devices that will occur, 
together with a method of indicating to which 
feeder, transformer alarm, etc. , each device 
belongs ; and similarly for multi-position devices 
and meters. 
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2.2. 1 Display of Switchgear Identity 

The problem of indicating the name or number 
of the device beside the indicating lamps and 
control keys can be solved in several ways, but 
to be universally flexible and extensible the 
scheme should be confined to the use of letters 
and figures representing a simple code of defini
tion, such as : Tl for Transformer No. 1 ,  Fl for 
Feeder No. 1 ,  etc. Such a code, to almost any 
variety, can easily be set up and displayed on 
digit-wheel indicators. 

Thus, given a control key, indicating lamps, 
and electrically operated digit-wheel indicators 
forming a unit for a two-position control and 
indication, a number of them could be associated 
at will to represent any arrangement of switch
gear. 

2.2.2 Busbar A rrangements 

Further, if the substations have either single 
or duplicate busbars, these indicating units can 
be mounted on the control desk one above the 
other and shown diagrammatically connected to 
the busbars. Since any unit can be designated by 
any indicator, the order of connection to the 
busbars can be suited to any substation. 

Busbar couplers and section switches can be 
catered for in the diagrammatic representation 
by placing these units in position and working 
along the busbars on either side as far as it is 
necessary to go for any particular substation. 

Many substations will not use all the units 
provided ; this will not cause confusion, because 
the lamps of only those units actually in use at 
any instant will be illuminated. Additional 
busbar-selection indicating lamps, remotely oper
ated, will show the connections of the switchgear 
to the busbars obtaining at any time. 

2.2.3 Indication of Substation Numbers 

To inform the control engineer which of a 
number of substations is using the diagram, the 
substations must be numbered and displayed on 
a stepping numerical indicator or similar device. 
Either an instrument similar to a telephone dial, 
or a row of digit keys, will enable one of an 
infinite number of substations to be selected. 

2.2.4 The Common-Diagram Desk 

The equif)ments in the Manchester substations 
at present vary from one feeder, one transformer, 
and one circuit breaker, to 1 2  feeders and 7 
transformers on 1 1-kilovolt and 6.6-kilovolt 
single- and duplicate-busbar sectionalized boards. 
In some substations having two feeders and two 
transformers only, one circuit breaker is installed . 
The complete lowest common multiple of facili
ties provided is listed in Table J I ,  whilst Fig. 4 
shows the common diagram which was developed 
for indicating and controlling the combinations 
of equipment in the present and future substa
tions. 

Duplicate busbars on each side panel are 
provided with busbar couplers and joined by an 
in terconnector towards the front of the panel. 
Beneath the layout of the panel, six enlarged 
views illustrate the items of equipment, including 
that for a two-position remote control and indi
cation ; the series of alarm lamps (positioned 
above the alarm display panel) ; the common 
control keys (positioned below the supervisory 
system voltmeter) ; details of the connecting 
links for the display of substation numbers (five 
of which were provided and positioned across the 
front of the centre panel) ; particulars of the 
other remote alarms provided (illustrated as they 
are displayed when illuminated in the alarm 
display panel) ; and the digit keys used for 
"dialling" the substation number, together with 
the " operate" and " cancel" keys which render 
the dialling effective or otherwise. 

Since this common-diagram installation was 
put into commission, arrangements have been 
made for the indication and removal of " lock
out" for 26 trolleybus supply circuit breakers in 
1 1  substations, whilst earth-fault alarm indica
tions are being provided from an additional 37  
substations. 

2 .3 PILOT-LINE ARRANGEMENTS 

There were pilot-line pairs available in the 
telephone network between most substations in 
an area and the 33-kilovolt substation supplying 
that area ; also a single pilot pair between each 
33-kilovolt substation and central control. It was 
therefore decided to install tandem-station work
ing, 1 2  circuits radiating from central control to 
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the 1 2  tandem equipments (at the 33-kilovolt 
substations) , which enabled these circuits to be 
extended to any one of a series of pilot pairs 
connecting to the substations in the area, either 
by signals from the substations or by a coded 
signal from the central control . 

2 .4 SUITABLE SUPERVISORY REMOTE-CONTROL 

SYSTEM 

Methods of employing a common-diagram 
system depend upon a technique well known to 
automatic-telephone switching engineers, for, 
given the method of supervisory signalling, the 
rest is a matter of calling a particular substation, 
or being called by it, and connecting its line 
wires to the common-diagram equipment. It is 
obviously convenient to make the impulsing 
voltages used for the supervisory and substation 
calling signals the same, but, in general, almost 
any method of supervisory-control signalling 
could be employed which employs impulse trains 
for selection and does not depend upon main
taining a continuously rotating synchronism 
between substation and control. 

To illustrate the method by which a large 
number of stations are remotely controlled and 
supervised from one control desk, a basic method 
of supervisory control will be explained and 
then the expansion of this method into a com
mon-diagram system developed. 

3. Common-Diagram System 

3 . 1  BASIC SUPERVISORY REMOTE-CONTROL 

SYSTEM 

In the various well-known methods of super
visory remote control which use impulse trains 
to perform the required selections, the detailed 
differences consist in the methods adopted to 
ensure that the impulsing is correctly transmitted 
and received, and in the use of two, four, or 
more line wires or communication channels 
between control and substation. 

A coded train of impulses totalling to a constant 
number is used for the common-diagram system, 
giving the numerical constancy of the impulse 
trains a simple and reliable safeguard against 
errors. For control selection, 91 codes are pro
vided from 15 impulses, divided into three digits. 
A selection having been made, further final 

" operate" impulses complete the closing or 
tripping desired, as well as indicating back 
immediately that this has been done. 

For the switchgear position-indication signal
ling a fixed number of impulses is again used, but 
with the difference that each impulse indicates by 
its polarity either the closed or open position of 
a particular switch, the fixed total number of the 
pulses again providing a ready means of checking 
that no mutilation of impulsing has occurred. 

Two pilot lines only are required between the 
substation and control station equipments for 
these circuits, the nature of the currents trans
mitted over them being as follows : 

A. For Control Selection. A coded train of nega
tive impulses of constant length. 

B. For Final Operation. A series of dovetailing 
impulses, transmitted alternately from each 
station and of positive or negative polarity 
corresponding to the. closed or open condition of 
the switchgear selected, the actual operating 
pulse to change this condition being made longer 
than the others. 

C. For Position Indication. A fixed-length train 
of impulses, each impulse of positive or negative 
polarity corresponding to a closed or open posi
tion of an associated switch . 

D. For Line Proving. A small direct current,  
removed from the line during impulsing. 

3 . 2  OUTLINE CIRCUIT DESCRIPTION 

Fig. 5 is a composite illustration showing asso
ciation between the circuits. 

In the basic supervisory system, a symmetry 
exists between the circuits at the substation and 
the control station, because both have • to send 
and receive impulses, the substation to select 
indicating lamps, etc . ,  at the control station, and 
the latter to select closing and trip-interposing re
lays at the substation. A sender-connector circuit 
at each station enables the selecting impulses to 
be transmitted from any of a number of control 
selection keys or switchgear auxiliary contacts 
without confusion, whilst either indication relays 
or selector circuit relays enable the received codes 
to be operative at their respective locations. 

Relays connected in the line-switching and 
impulse circuit enable the two equipments mu-
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tually to interlock to avoid confusion whilst 
impulsing, and also to effect switching between 
the various circuits. 

Given a basic system of supervisory remote 
control , the application of this to a common
diagram system can now be described in outline 
form under the two stages into which it naturally 
divides-establishing connection with a substa
tion, and dressing the common diagram to 
display that substation. 

3.3 SIGNALLING TO ESTABLISH PILOT-LINE 

CONNECTION FROM SUBSTATION VIA TANDEM 

TO CONTROL STATION 

Both the control engineer at will ,  and the 
substation automatically, must be able to estab
lish this circuit, but whereas in the first case the 
connection when established may be retained for 

6 ,&-KV SYSTEM 
DIAGRAM 

CONTROL L 

- - ----------- -, I I l I 

control purposes, this must not occur when the 
substation automatically establishes it. If it did, 
the tandem-control section of the pilots would 
be prohibited to other substations. The outline 
circuit is illustrated in Fig. 5 .  

It is  essential that a substation when signalling 
automatically shall occupy the circuit for the 
shortest possible time, in order that no delay 
shall occur to signals from other substations 
affected by the disturbance. Accordingly, the 
circuit is so arranged that only the substation 
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has been actuated, the circuits P and Q are free 
to .. operate for other substations, and therefore 
as

-
many pilot lamps as necessary can be energized 

in sequence. In addition to the substation pilot 
lamps, five link circuits V, each with a number 
indicator W mounted on the desk, are employed 
to display the numbers of the first five substa
tions automatically signalling-in a network dis
turbance. These link circuits are allocated for 
use to the incoming signals and the control 
engineer by the allotter circuit X, which causes 
the allocated link circuit to position the number 
indicator via the markings set up on the tandem 
finder T and marker finder S. When the number 
of a substation is displayed, the system-diagram 
pilot lamp changes from flashing to steady light, 
thereby informing the control engineer of this 
fact. 

To " call" a substation, the control engineer 
must connect a free link circuit to the common 
diagram and then originate a four-figure number, 
the first two numerals of which nominate the 
tandem station to which the required substation 
(represented by the last two numerals) is con
nected. Ten digit keys Y enable him to do this 
and store the number in the substation selector 
circuit Z, which becomes effective via the circuits 
R, S, and T, and light the substation pilot lamp 
on the system diagram, after he has pressed an 
" operate" key. 

By this arrangement the equipment is set up 
ready to call the substation, but the pilot-line 
circuits are not occupied unt.il the control engi
neer proceeds to check and control the substation. 

3.4 DRESSING THE COMMON DIAGRAM 

Whenever the control engineer wishes to 
record or control switch positions at any sub
station, he requires the common diagram dressed 
to that particular substation. Each possible 
connection to the busbars is represented on the 
common diagram by a number indicator, control
select key, and indicating lamps. In a few cases 
where Jeeders are solidly connected to the bus
bars, the control-select key and indicating lamps 
are omitted. 

Setting the number indicators to display, for 
example, F2 15 representing Feeder 2 15 ,  or T4 
for Transformer 4, is the principal function of 
the circuit shown in broken lines in Fig. 5. The 

range of the information provided by the number 
indicator is given in Table I ,  whilst the illustra
tion in Section 5.4 shows an indicator from which 
the cover has been removed. 

Each wheel of the number indicator is moved 
independently, and therefore to set all 6 wheels 
of an indicator completely requires 6 trains of up 
to 10 impulses ; these are delivered simultane
ously to all wheels at a stepping speed of 10 
impulses per second . A common source provides 
the impulses for all circuits ; this arrangement 
means that, for any particular setting, each wheel 
has only to be provided with a circuit marking 
how many impulses are to be supplied to it. 

Employing uniselector switches each with 8 
levels of 25 points each, one such uniselector 
circuit or diagram-dressing finder can mark an 
indicator for 25 different 6-digit positions, tlle 
other two levels being available for positioning 
the uniselector. 

In this way a group or rank of, say, 10 diagram
dressing finders, one per indicator, will enable the 
diagram to be dressed to show 25 different 
substations of up to 10-switch capacity. 

It was found possible to provide for a theo
retical number of 1 50 substations in 6 such ranks 
for Manchester Corporation, the smallest posi
tioning 4 indicators and the largest 30. As addi
tional substations are connected it may be found 
necessary to add additional ranks just before the 
150-substation limit is reached, unless the sizes 
of substations are such that they �an be fitted 
into the spaces still available on the existing 
ranks. 

In the key diagram (Fig. 5 ) ,  the outline of the 
circuits for dressing the diagram is shown. A 

TABLE I 

Position 
!st 2nd 3rd 

wheel wheel wheel 
--- --- --- ---

1 F 1 1 
2 M 2 2 
3 T 3 3 
4 R 4 4 
5 c 5 5 
6 - 6 6 
7 - 7 7 
8 - 8 8 
9 - 9 9 
0 - 0 0 

F = Feeder. 
M = Motor convertor. 
T = Transformer. 
R = Rectifier. 

4th 5th 6th 
wheel wheel wheel 

--- --- ---

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
0 0 

C = Consumer. 
a = Incoming. 
b = Outgoing. 
c = Outgoing. 

a 
b 
c 
d 
e 
f 
g 
h 
i 
j 
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common source of impulsing is provided in an 
impulse-sending circuit AA,  which provides any 
number of impulses between 1 and 10 to as 
many indicator circuits AB as the diagram
dressing circuit A C  orders. The source of im
pulses at 10 per second is a pendulum relay, 
which operates slave relays and a uniselector in 
the impulse-sending circuit. The slave relays 
pass the impulses to each indicator wheel, the 
number being controlled from one of 10 wires 
feeding 1 to 10 impulses according to the wiring 
connections of the diagram-dressing finders, while 
the uniselector apportions the impulses on to the 
10 wires. 

One other circuit is engaged in the operation 
of dressing the diagram. This is the substation 
information circuit AD, which supplies the 
following information. 

The control circuit is informed of the number 
of signalling groups which will be transmitted by 
the substation, so that the code receiver at the 
control station may accept this number only. 
As the substations vary in size from one switch 
up to 28 ,  the substation equipments were made 
so that they could be equipped to transmit 
information in a maximum of three groups of 
impulses using 1 ,  2 ,  or 3 groups as necessary. 

If the substation is partially or wholly out of 
commission , this fact is indicated on an alarm 
panel on the control desk, and can be manually 
set up on a separate panel (shown in the key 
diagram at AE) in the control room by inserting 
plugs in jacks associated with the individual 
substations. 

The interconnector circuits and busbar cou
plers are the only circuits on the common dia
gram fitted without indicators, since their pur
pose is obvious, and consequently substations 
fitted with interconnectors and/or busbar cou
plers have to be signalled as such to the common 
supervisory control equipment by the substation 
information circuit. 

4. Outline of Operational Procedure 

4. 1 SUPERVISORY REMOTE-CONTROL SIGNAL

LING BETWEEN CONTROL AND THE SELECTED 

SUBSTATION 

A substation having been selected for display 
and the diagram dressed to illustrate its partic
ular arrangement on the common diagram, the 

control engineer has only to press the " check" 
key to cause the display of all existing switch 
positions and the condition of the alarm circuits. 
This " check" key is mounted with the other 
common " operate" keys on the desk, and is 
connected to the sender connector B of the 
control equipment, which is already connected 
through the link circuit V, and the tandem 
finder T, to the tandem connector Q. Its action 
causes the pilot lines, from the tandem station 
associated with the substation, to be switched 
through, and to start the code-sender circuit. 
This originates a code, the first part of which is 
the number of the substation, transmitted as 
three digits totalling 2 1  impulses, while the 
second part is a check pulse. The first part of 
this double code is received at the tandem station 
and selects the pilot lines to the required sub
station, and after this first part has been cor
rectly received and has connected the lines 
through at the tandem station, the second part 
of the code is transmitted direct into the sub
station equipment. 

A check signal is immediately effective, its 
action being to cause all the indication signals to 
be returned from the substation direct into the 
code receiver. On the completion of these signals 
the pilot lines are freed for use by any other 
station. 

Indication signals from the substation of all 
two-position devices are given in 1 ,  2, or 3 
groups, depending upon the size of the substa
tion , the details of each group being shown in 
Table I I .  

TABLE I I  

Group 1 Group 2 

Buchholz (surge) B C  2 
Buchholz (gas) IC 1 
Distribution fuse IC 2 
Earth-fault indica-

tion and trip OCB 7 Busbar 
Earth-fault indica- selection 

ti on OCB 8 and 
Fire OCB 9 breaker 
Spare alarm OCB 10 �osition 
OCB 11  OCB 1 1  
OCR 2ruo0« OCB 12 
OCB 3 selection OCB 13  
O C B  4 and OCB 14 
OCB 5 breaker D 1 
OCB 6 position D 2 Lock-out 

BC 1 D 3 indica-
2 spare OCB D 4 tions 

D 5 

Group 3 
--------

OCB 15 1 
OCB 16 
OCB 17 1 
OCB 18 Busb�r 

selection 
and OCB 19 
breaker OCB 20 
position OCB 2 1  

OCB 22 
OCB 23 J OCB 24 
Spare OCB 
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The substation information circuit has already 
indicated to the control circuit how many groups 
to expect and, as the signal codes are received 
from the" substation and checked for correctness, 
the indicating lamps on the control desk are 
energized in accordance with the signal, i.e. , 
either a red or green lamp for each breaker, one 
of two white lamps to indicate to which busbar a 
breaker is connected, or a lamp beneath a glass 
panel, showing the type of alarm for an alarm 
condition. These signals are given as short posi
tive or negative impulses for conditions which 
have not recently changed, but for switch
tripping a longer negative impulse is transmitted. 
Whilst this longer impulse does not prevent the 
total being correct, it does enable the control 
circuit to make a special note of the occurrence 
and indicate that particular switch with a flash
ing light. The substation equipment is so de
signed that this recent-change indication can be 
stored for a matter of 10 minutes, and also that 
it will be sent only once. By this arrangement, 
although a substation may send only its number 
and not its detailed information immediately a 
switch trips, when it is checked by the control 
engineer it indicates especially those switches 
that have tripped. 

4.2 CONTROL OPERATION 

Pressing a selection key mounted between the 
red and green lamps indicating the breaker he 
requires to control, the control engineer causes 
the control circuit to send a switch-selection 
code of 15 impulses divided into 3 digits, follow
ing the station selection code of 2 1  impulses, 
through the tandem station to the substation, 
where it selects the switch-closing and switch
tripping coils, and also connects the final " oper
ate" circuit at the substation to the pilot lines. 
This is signalled to the control engineer by the 
light in the particular selection key changing to 
a rapid flash (or flicker) , whilst simultaneously 
the close or trip keys, common to the whole desk, 
light up red or green. At the same time the final 
" operate" circuit at control is connected to the 
lines, so that the two final " operate" circuits 
interact with interlacing pulses and retain the 
pilots to the exclusive use of the engineer at one 
end and the selected switch at the other. 

A long pos1t1ve impulse will be sent if the 
control engineer presses the close key, and at the 
substation this will energize the closing inter
posing contactor. When the switch closes, a long 
positive pulse returned from the substation will 
change the green indication to red on the control 
desk for that switch. Similarly, pressing the trip 
key will perform the reverse operation, using 
long negative pulses, and until the control engi
neer presses the reset key he can close and trip 
the selected circuit breaker as often as desired. 
He cannot, however, continually energize the 
switch-closing circuit by keeping his control key 
pressed, the circuit being arranged to operate 
once and once only for each distinct key opera
tion. 

4.3 OPERATING TIMES 

The periods of time required for operations 
and indications on the common-diagram system 
indicate the speed with which a large number of 
substations can be controlled. 

A substation signal of a change of conditions 
takes 4.5 seconds. 

Signalling from different tandem stations can 
occur simultaneously, but two or more sub
stations connected to the same tandem station 
must signal in sequence, each taking 

4.5 seconds. 
The largest number of substations connected to 

any one of the 1 2  tandem stations is 24 ; there
fore the time taken to signal a complete shut
down of 288 substations would be 

1 minute, 48 seconds. 
The time required for the complete display of 

the largest substation giving the positions of 
28 breakers, their busbar selections, and 7 
alarms, representing a total of 59 indications, 
1s 23.5 seconds. 

To select and operate the switch and indicate 
its operation requires 12 .5  seconds. 

5. Equipment 

5 . 1  APPARATUS 

Automatic-telephone switching apparatus has 
been used throughout, and this, with the excep
tion of the pendulum relay, combined key and 
lamp, and the number indicator, conforms to 
standard Post Office designs. 
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5 .2 PENDULUM RELAY 

To provide uniform timing of impulses, pendu
lum-controlled impulse relays are used as the 
fundamental source of uniformly timed impulses. 
The relays are similar to the P.O. 3000-type 
major relay, but are provided with a horseshoe 
extension at the end of the relay core and a 
vibrating reed operating within the arms of the 
horseshoe. A pair of contacts on each side of the 
operating reed, mounted in a somewhat similar 
manner to those of the normal relay, are operated 
by the reed at its fundamental frequency, one of 
the contacts being used to drive the reed through 
the medium of the energizing winding on the 
core. 

5 .3 COMBINED KEY AND LAMP 

To reduce the amount of control-panel area, 
a control key which includes an inset indicating 
lamp has been developed. This comprises a 
diecast body, on the sides of which are mounted 
twin-contact lever springs of the type used for 
automatic-telephone relays. Inside the body and 
between the springs is carried the lamp mounting, 
which projects into the barrel of the operating 
knob carried in the front of the die castings. 
This barrel is shaped and spring-loaded so as to 
provide a number of different types of movement 
of the knob. It can be made to operate the 
springs by turning through an angle of 90 de
grees ; by a push-and-pull action ; by a push-in 
spring-return action ; or by a short spring-return 
action on either of two positions normally 90 
degrees apart. 

It is arranged for single-hole fixing in the 
control panel , and the operating knob is 1 inch 
in diameter with an indicating window approxi
mately 1 inch in diameter. The indicating win
dow is therefore quite large enough for the dis
play of an abbreviated description of the function 
of the key, whilst arrows inscribed in the window 
can be used to indicate whether the key has to 
be turned or pressed. 

5.4 NUMBER INDICATOR 

To designate substations, feeders, and trans
formers, electrically operated indicators have 
been developed, built on the unit principle, in 
which each wheel, showing one digit of a number, 

with its operating mechanisms, forms a complete 
and separate unit. In this respect it is quite unlike 
the better-known Veeder counter and has the 
great advantage that all wheels can be operated 
simultaneously and independently to any of their 
positions (see illustration). 

Number indicator with cover removed. 

Each unit comprises a simple 4-pole stator and. 
a wheel-type rotor with bent-over fins revolving 
about the centre of the stator and around the 
outside of the stator poles. By energizing the 
stator poles in pairs, the rotor is attracted to 
move through 30 degrees, in two movements of 
1 5  degrees each, against a light return spring. A 
small spring catch beside each pole of the stator 
is energized by the operating windings and pre
vents backward movement of the rotor ; it there
by ensures continuous forward movement so 
long as impulses are delivered to the pair of 
stator windings. The indicator windings remain 
energized for as long as the display is required, 
and for this purpose an external resistance is 
introduced by the control circuit to economize 
in current and reduce heating. The digits ap
pearing in the instrument window are quarter-
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inch characters for capitals, in black on a white 
background. 

By using the number indicator, a designation 
comprising 6 characters is displayed in a length 
of 3 inches, the whole indicator in its casing 
being approximately 4 inches long by 2! inches 
wide by 3! inches deep. The indicators are wired 
to a removable multi-point plug to facilitate 
maintenance. 

5 .5 SUBSTATION EQUIPMENT 

At each '"substation, the cubicle containing the 
relays and switches is one of five standard sizes. 
Equipment external to the cubicle consists of a 
battery, with a metal-rectifier automatic charg
ing supply, and interposing relays which are 
mounted upon the panels or cubicles of the 
switchgear to be controlled. 

With the exception of the largest, the super
visory cubicles were:designed for wall-mounting 
with front access only, the relays and switches 
being mounted upon a drop frame, hinged along 
its lower edge, to provide the necessary access to 
the wiring. The relays, suitably grouped into 
circuits, were mounted upon removable jack-in 
panels. In the largest substation cubicle, front 
and rear access was provided to enable the 
terminal units for the interconnecting cables 
between the supervisory equipment and the 
switchgear to be accommodated on each side of 
the central framework. 

The question of unit-type design to facilitate 
standardized arrangements for the wide varia
tions of requirements is of considerable impor
tance, if maintenance and spares are to be re
duced to a minimum. The requirements vary 

TABLE III 

Capacity o f  cubicle 

Facilities and equipment 

A B c D E 
-- -- -- -- --

Indicated OCB's 4 10 8 12 28 
Controlled OCB's - - 8 12  28 
Alarms 7 7 7 7 7 
Telephone - 4 - - -

D-C lock-outs - - 5 5 5 
Number of indicating 

groups 1 2 2 2 3 
Relay panel (design 1 )  1 1 1 1 I 
Relay panel (design 2 )  1 1 1 1 1 
Relay panel (design 3 )  - - 1 1 1 
U niselectors 1 1 3 4 5 

between one switch indicated only, plus alarms, 
to 28 switches controlled and indicated, the 
number of units of equipment used being given 
in Table I I I .  

5 .6 CONTROL-STATION RELAY-ROOM EQUIP
MENT 

In the relay room for both the common
diagram system, and eight 33-kilovolt substa
tions, the operation of which has now been 
centralized in the control room, provision has 
been made for 8 rows of racks, only 5 of which 
are occupied at present. The whole of the relay 
and switching equipment for the common-dia
gram system occupies 3 racks at one end of the 
room, and cabling has been initially installed 
for 400 substations. The present floor space will 
not be exceeded by the ultimate expansion 
planned. 

At the other end of the room two suites are 
occupied by the supervisory relay racks for the 
33-kilovolt substations which were remotely con
trolled from other centres, previous to the 
planning of the present scheme. The ce�tral 
space at present unoccupied, approximately 15 
feet by 2 1  feet, is  considered ample for any 
future developments. Racks 8 feet, 6 inches high 
and either 2 feet, 6 inches or 4 feet, 6 inches wide, 
depending upon the equipment to be mounted 
upon them, have been used for the common
diagram system. Equipment is mounted upon 
one side of the rack, with wiring on the other 
side, and, wherever convenient and necessary 
for testing er maintenance, relays and switches 
are mounted upon jack-in panels. A cross-con
necting frame enables all wiring between the 
substation marker and finder circuits and the 
diagram-dressing circuit, which is particular to 
the substation, to be readily provided as further 
substations are brought into use. 

5 .7  CONTROL ROOM 

Particulars of the supply�system control room 
are shown in Fig. 6. The batteries, charging 
gear, pilot-cable terminals, supervisory-switch, 
and relay equipment are on the ground floor. 

The upper floor houses ventilating and heating 
plant, a telephone exchange, canteen, cloak
room, log store, system diagrams, and control 
desk. 
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The control room is elliptical, the walls being 
formed of panels for supervisory control of the 
33-kilovolt equipment, lighting and ventilating
plant switchgear, meters , load-summation indi
cators, and complete system diagrams. A ceiling 
specially designed by illumination experts was 
provided to accommodate coloured fluorescent 
lighting tubes, which give a daylight effect ,  a 
high standard of illumination on horizontal and 
vertical surfaces, and freedom from shadow and 
glare. 

FLUORESCENT ---� 

TUBULAR 
LIGHTING 

RELAY ----14--+ 
AND 

BATTERY 
ROOM 

RELAY RACKS 

SYSTEM --____,,4---_ _.,,_,.,_____, 
DIAGRAMS 

COMMON ---17f-+-l-
CONTROL 

DESK 
DIAGRAM 

..+--- CONTROL 
ROOM 

�-++--hlf----- RECORDS 
DESK 

PLAN OF CONTROL ROOM 

Fig. 6--General arrangement of a control room 
housing a common-diagram system. 

In the middle of the room, the control desk 
has accommodation on the wings for two control 
engineers, Post Office telephone and private 
telephone facilities for communication with 
every staff office, generating station, substation, 
and depot on the system. There is also a card 
index of substation data, diagrams, names, and 
code numbers. The common-diagram control 
equipment occupies the middle section of the 
desk. 

The panel walls are coloured eau-de-nil, the 
beading, doors, and furniture mahogany, and 
the floor pink with a dark green and black 
border. 

6. Considerations of Cost and Space 

6. 1 COSTS 

Considerable economy would be expected both 
in first cost and when extending a common -
diagram system, as compared with individual 
supervisory equipment for each substation. The 
cost of supervisory control equipment for a 
substation may be divided into two parts, (A) 
control-station equipment, including the control 
diagram board, and (B) substation equipment, 
including interposing relays and cabling. Both 
costs may be sub-divided into a basic part plus 
an adjustment for each switch-control indicator 
and alarm. In general, the basic equipment is 
designed to cater for a maximum number of 
facilities and will vary accordingly. It is rarely 
fully equipped at the outset, being intended to 
cater for future extensions within the forecast 
maximum. 

In addition to these normal variations, there 
are other considerations to be taken into account 
when assessing the probable cost of installation. 
These concern the degree to which the control 
station is to be completely equipped so as to be 
agreeable to and maintain the alertness of its 
occupants ; the cost of pilot cables necessary ; 
modifications of switchgear to add electrical 
closing and tripping gear ; and whether or not 
battery equipment additional to that already 
existing is to be provided. 

Some form of cost comparison, however, can 
be obtained by assuming either that supervisory 
equipment only is to be supplied, or that super
visory equipment plus interposing relays, cable, 
battery equipment, and installation, are in
cluded. The following comparisons have been 
made upon the basis of fully equipped stations, 
each with 20 switches controlled�and indicated , 
plus five alarms indicated only. 

It might be supposed that with the common
diagram system there is a minimum number of 
substations at which it becomes economic when 
compared with individual equipment for each 
substation. This is correct, but the minimum 
number varies with the ultimate capacity of the 
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common-diagram system, since it is obvious that 
the economy effected is due almost wholly to a 
saving in control-station equipment, and also 
that the amount of common equipment provided 
for a common-diagram system with an ultimate· 
capacity of 25 substations will be smaller than 
that provided for 50, 100, 200, or more substa
tions. 

It should be noted that for an individual 
equipment providing only for indication. and 
alarms, the substation section cost will be be
tween 35 and 45 per cent of that 9f the whole 
equipment, whilst if equipment for both control 
and indication is provided, the substation cost 
rises to between 55 and 60 per cent of the whole 
cost. This increase is indicative of the high 
proportion of the whole cost required to provide 
for interposing relays and cabling. 

In Fig. 7, curve A shows the minimum num
ber of substations, expressed as a percentage of 
the maximum substation capacity of the system, 
at which the common-diagram system will 
prove economic when the substations are fully 
equipped. Curve C indicates the percentage 
saving at first cost effected when considering a 
fully equipped common-diagram system, as com
pared with individual systems to give the same 
facilities. For comparison, curve B indicates 
the percentage saving of first cost of the super
visory equipment only of a common-diagram 
system compared with individual systems, and 
shows a higher saving than that indicated in 
curve C for the same equipment complete with 
all cabling, accessories, and power supplies in
stalled ready for service. Both curves exclude 
any cost for either switchgear modifications or 
pilot lines. 

6.2 SPACE ECONOMY 

Equally as important as economy of cost is 
the saving in control building-space achieved by 
the adoption of a common-diagram system and 
it is possible to assess the approximate space 
saved on a hypothetical basis. For this purpose, 
we need only consider the control room and its 
associated relay room, since the substation re
quirements will be approximately the same for 
individual systems as for a common-diagram 
system. The following curves are based upon 
substations equipped to control and indicate 20 
circuit breakers and five alarms. 

Curves A and B in Fig. 8 illustrate the 
difference in relay room space for the two sys
tems, and Fig. 9 .  compares the control-room 
space for individual and common-diagram sys
tem requirements. These curves can, of course, 
on ly  b e  ap 
proximate and 
are based on 
the following 
estimate : 

A. That an in
dividual sys
tem of the size 
stated would  
require 5 square 
feet of control 
d iagram per  
substation. 

B .  That  the  
individual con
trol  p a n e l s ,  
e a c h  with  a 
m a x i m u m  
he ight  of 6 
feet opera ting 
space , would be 
arranged in a 
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Fig. 7- A-Minimum number of 

substations equipped initially for 
which common - diagram system is 
economical compared with individual 
systems, expressed as a percentage of 
the number to be equipped ultimately. 
B-Saving in first cost of cominon
diagram-system supervisory equip
ment only, expressed as a percent
age of equivalent individual systems. 
C-As B, but including costs of cab
ling, interposing relays, power sup
plies, erection, and testing. 

semicircle for up to 25 substations (ultimate) , 
and in a circle for a larger number of substations ; 
also that a minimum control-room size of 25 
feet diameter for the semicircular pattern would 
be chosen. The curves are then based on areas 
semicircular or circular, adding nothing for the 
corners which usually result when a circular room 
is placed within a rectangular building. 

C. For the relay room, rack space for the in
dividual system is assumed to be 4 feet high 
by 3 feet wide per substation, using racks 8 feet, 
6 inches high. No headroom allowance has been 
made for the end of suites. 

D. Space in common-diagram system calcu
lations is of the same order as that provided at 
Manchester. 

Fig. 10 indicates the total percentage saving 
in space obtained at the control centre on these 
hypotheses. As would be expected, the savings 
increase with the number of substations con
trolled, attaining figures showing an economy of 
86 per cent in space for the largest installations. 
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6.3 MAINTENANCE COSTS 

Records of cleaning and maintenance costs for 
individual-type supervisory equipment show that 
the amount per substation is small ,  being almost 
entirely for labour. 
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traction, and domestic loads increase, but it is 
believed that, in the system described, a basis 
for meeting these requirements without ad
versely affecting present facilities has been 
provided. 
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Fig. 8-Comparison of relay-room 
area, A-common-diagram system, 
and B-equivalent individual system. 

Fig. 9-Comparison of control-room 
area, A-common- diagram system, 
and B-equivalent individual system. 

Fig. 10-Total saving in space ob
tained from comparisons shown in 
Figs. 8 and 9, expressed as a percent
age of space required for individual 
systems. 

The relatively smaller amount of equipment 
required at the control station where a common
diagram system is installed, and also the large 
degree of standardization obtained for the relays, 
switches, etc. , would indicate that the mainte
nance costs would be pro rata on a quantity 
basis, since similar equipment is used ; conse
quently these costs should show a percentage 
economy as compared with the individual system 
at least equal to that shown in Fig. 7 ,  curve C, 
for the economy of first cost. 

7. Conclusion and Acknowledgments 

It is thought that, by the development of these 
ideas, the use of supervisory remote-control 
equipment has been extended on normal auto
matic-telephone switching practice to a wider 
application than was practicable with individual 
systems for large numbers of substations. As 
might be expected, this results in an economy of 
cost of equipment, an economy of cost for con
trol buildings, and an economy of effort of the 
control staff. Operational control of large elec
tricity supply systems will undoubtedly produce 
new requirements and problems as in<lustrial ,  

The authors "wish to thank Mr. H .  C .  Lamb, 
late Chief Engineer and Manager, and Mr. R. A. 
S. Thwaites, Chief Engineer and Manager, of 
the Manchester Corporation Electricity Depart
ment, and Standard Telephones and Cables, 
Limited, for permission to publish particulars of 
the development and installation. 
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Anomalous Attenuation in Waveguides * 
By JOHN KEMP 

Standard Telephones and Cables, Limited, London, England 

THE puzzling phenomenon of decreasing 
attenuation constant with increasing 
frequency which occurs in a few iso

lated instances is here elucidated by treating the 
guides concerned as limiting cases of a guide of. 
more general shape in the interior of which the 
waves display the normal properties character
istic of waves in guides generally. The equations 
of the electromagnetic field, cut-off frequency, 
and attenuation constant describing the isolated 
cases are then, in like manner, deduced as 
limiting cases from those appropriate to a guide 
of general shape. The isolated cases thus lose 
their character of isolation and assume that of 
straightforward limits instead. Accordin� to the 
point of view developed in the paper, these 
limiting cases imply an electromagnetic field 
which extends to infinity along one of the trans
verse co-ordinates but, being wrapped around 
the axis of the guide, the field is constrained to 
exist in finite space where it continues to display 
the properties characteristic of a field of infinite 
extent. 

It is a well-known fact that when an electro
magnetic wave is traversing a transmission line 
of any conventional type, it is always possible to 
find a frequency above which the attenuation 
constant of the wave is a steadily increasing 
function of frequency. This property also apper
tains to waves propagated through the interior 
of hollow metal tubes with the exception, how
ever, of a few seemingly isolated cases. There is, 
for instance, the case where the H-wave (also 
known as the transverse electric or TE-wave) of 
zero order is propagated through a tube of 
circular cross-section. Here, as in two further 
cases to be dealt with below, the attenuation 
constant follows a course precisely opposite to 
that normally encountered ; that is to say, in 
each case a frequency can be found above which 

* Reprinted from Wireless Engineer, v. 23, pp. 2 1 1�2 1 6 ;  
August, 1946. 

the attenuation steadily decreases and ultimately 
vanishes altogether. 

This striking anomaly may be accounted for 
satisfactorily by means of Ampere's Law of 
electromagnetic induction, whereby the current 
induced in the metal tube may be stated in terms 
of the tangential components of the magnetic 
field at the surface of the metal-the longitudinal 
component of the current in terms of the trans
verse component of the field-and the transverse 
component of the current in terms of the longi
tudinal component of the field. Now in the 
exceptional case of the H-wave of zero order in 
a guide of circular cross-section, all lines of 
magnetic force are at any frequency restricted to 
radial planes (Fig. 1 )  and in consequence the 
transverse tangential component is always zero. 
There thus remains only the longitudinal tan
gential component and as this component-in 
common with the longitudinal component of all 
other waves in hollow metal tubes-is a steadily 
decreasing function of frequency, the attenuation 
of the wave is of necessity also a diminishing 
function of frequency. 

As an instructive alternative explanation it is 
here suggested that a guide of circular cross
section might be regarded as an extreme case of 
a guide having a cross-section of sector shape 
(Fig. 2 ) .  In such a guide the H-wave of zero 
order displays the normal properties character
istic of waves in guides generally and from these 
there emerge as straightforward limiting cases 
those appropriate to waves in a circular guide. 
By this procedure, the appearance of an anomaly 
is completely eliminated. Moreover, by extending 
the analysis to guides encompassed by two coaxial 
circular cylinders and two radial planes (Fig. 3) , 
the properties of H-waves of zero order may be 
stated in a general form which includes as 
particular cases those associated with guides of 
rectangular, circular, sector- and ring-shaped 
cross-sections, with and without baffle planes. 

We shall first recapitulate for ready reference 
the well-known relevant formulae relative to a 
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rectangular guide. We shall then establish the 
corresponding formulae for a guide of sector 
shape leading to those for circular guides. Finally 
we shall proceed to the general case and identify 
as particular cases the results recorded for the 
guides of more special shape. 

J .  Principal Symbols 

a = width of rectangle in metres 
b = height of rectangle in metres 

r0 = radius of sector in metres 
r1, r2 = inner and outer radii of ring-sector in 

metres 
q, = sector angle in radians 

Fig. 1-Pattem representing the magnetic field in any 
radial plane of a circular guide transmitting an H-wave, of 
zero order and principal mode. If the plane is turned full 
circle the pattern describes a set of !oroidal . surfaces 
which completely represent the magnetic field in space. 

µ, µ = permeability of dielectric and conductor, 
respectively, in henrys per metre ; for 
vacuum µ0 = 47r X l0-7 

E, € = permittivity of dielectric and conductor, 
respectively, in farads per metre ; for 

vacuum, Eo = 3�7r
X 10-9 

g, g = conductivity of dielectric and conductor, 
respectively, in mhos per metre ; for pure 
copper g = 5.8 X 107 

1 h . . 1 . f . c = . ,- = c aractenstlc ve oc1ty o waves m 
"l/µE 
the unrestricted medium in metres per 
second ; for vacuum c = 3 X l08 

f = frequency in cycles per second 
fom = cut-off frequency of the mth mode m 

cycles per second 
f om Pom = J 

w = 27rf 
a0,,. = attenuation constant corresponding to the 

mth mode in nepers per metre 
r = propagation constant in the z direction 

per metre 
k1m = mth non-vanishing root of Ji(x) = 0 ;  i.e. , 

k 11 = 3.83 ; k i2 = 7 .02 ; k13 = 10. 1 7. 

2. Guides of Rectangular Cross-Section 

The electric and magnetic intensities of an 
H-wave of zero order and mth mode1 in a guide 

of rectangular cross-section ,  
having metal walls of  infinite 

Fig. 2-Guide of sector-shaped 
cross-section. 

Fig. 3-Guide composed of portio!1s 
of coaxial circular cylinders and radial 
planes. 

1 The characteristic feature of 
any H-wave is a prominent mag
netic field in the direction of propa
gation. To rank as a wave of "zero" 
order it is required that in the di
rection of one of the transverse 
co-C'>rdinates of the guide-for in
stance, the height of a rectangular 
guide-every one of the six com
ponents of the electromagnetic 
field is independent of the co
ordinate, that is to say, is of 
"zero variation" in that direction. 
The mede m specifies the number 
of half-cycles to which the non
vanishing components of the field 
are subjected in the direction of 
the other transverse co-ordinate of 
the guide-for instance, the width 
of a rectangular guide. The first 
mode is frequently referred to as 
the principal mode. 
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conductivity and a dielectric that 1s nondissip
tive, are given by 

E,,, = 0, Ez = O, 

E = -- sm -x e-rz m'Tr . ( m7r ) 
u a a ' 

H - ( 1 - v�m ) ! m'Tr . ( m7r ) -rz 
x - --- -- sm -x e , 

µ/E a a 

1 ( m7r ) 2 ( m7r ) Hz = -. - -- cos -x e-rz. Jwµ a a 

(1)  

If  the conductivity of the metal walls is  finite 
but high, the above expressions of the field be
come approximations but remain amply accurate 
for our purpose. As usual the time factor exp jwt 
is omitted. 

Since both Ex and Ez are zero, the lines of 
electric force may be represented by patterns of 
parallel lines stretching from top to bottom with 
densities that vary sinusoidally across any trans
verse section of the guide. For the case where 
m = 1 (Fig. 4) , the electric field is a maximum 
along the middle line of the section and zero at 
each of the two side walls. This pattern is subject 
to the usual cyclic variation with time, that is to 
say, the pattern fades away, increases in the 
opposite direction to its original intensity, fades 
again , and finally re-assumes the original con
figuration from which the next cycle begins. 

t 
l 

i ,__ ___________ -- -J!ioo x 
1 ---- d 

1 
I 

I 
zl 

Fig. 4-Pattem representing the electric field of an 
H-wave, of zero order and principal mode, propagated 
through a rectangular guide. 

Fig. 5-Pattem representing the magnetic field in any 
horizontal plane of a rectangular guide transmitting an 
H-wave, of zero order and principal mode. X indicates the 
length of the wave. 

Fig. 6-Pattem representing the magnetic field in , any 
horizontal plane of a rectangular guide supporting an 
H-wave, of zero order and principal mode, at the cut-off 
frequency. 

The lines of magnetic force are restricted to 
horizontal planes and, since both Hx and Hz are 
independent of the height of the guide, the 
magnetic pattern is identical in all horizontal 
planes. For m = 1 (Fig. 5) ,  there is a single row 
of closed curves. The distance between recurring 
configurations of the pattern indicates the wave
length. With falling frequency, the loops lengthen 
and finally, at cut-off frequency, they break up 
into two sets of parallel lines as shown in Fig. 6. 
The magnetic field is now divided into two halves 
pointing in opposite directions and being sepa
rated from one another by the vertical mid-plane 

. (shown dotted in Fig. 6) where the magnetic 
intensity is permanently zero. While the mag
netic field is thus being broken up, no corre-
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sponding change takes place in the electric field. 
This field retains at cut-off frequency the char
acter indicated in Fig. 4 ;  that is, at any given 
instant the electric intensities in both halves of 
the guide point in the same direction. In conse
quence we are led to the conclusion that energy 
is simultaneously thrust from the interior to
wards each of the side walls whence it is reflected 
back towards the mid-plane. There are thus two 
transverse pulsations of energy, between mid
plane and side walls, without any concurrent 
transmission of energy along the guide. The 
frequency at which this resonant state is reached 
is given by 

m7r fom = -2 C. 11"a 
(2) 

Assuming that the dielectric medium is non
dissipative, as in the case of air, we have for the 
attenuation constant of the wave 

( jl7rf )i 
T f 1 1 2i v5m J (3) aom=-( )1 -b (l 2 )1+-,1 (l  2 )1 · /!:_ 2 - Pom z ai, - Pom 2 

€ 

The first term is due to currents induced in 
the top and bottom walls by the tangential 
magnetic intensities H,, and H,. For all fre
quencies above 3'.f 0,,., this term is an increasing 
function of frequency (Fig. 7 ) .  The second term 
arises from currents induced in the side walls. 
These are due to the longitudinal magnetic field 
H, only ; for Hx, being perpendicular to the side 
walls, is prevented from setting up currents in 
them. This second term is a decreasing function 
of frequency (Fig. 7 ) .  As the cut-off frequency 
(2) is independent of b, the height of the guide 
may be increased indefinitely without affecting 
the character of the wave. At the same time the 
first term of the attenuation constant (3) dimin
ishes and ultimately, when the rectangular guide 
becomes a guide composed of two parallel planes, 
only the second term of (3) remains ; and now, 
with increasing frequency the attenuation actu
ally tends towards zero. Although this case is of 
no practical importance it is, as we shall presently 
see, the exact counterpart of a physically real
izable guide, namely the guide of circular cross
section. 

3. Guides of Sector Cross-Section 

In so far as H-waves of zero order are con
cerned there is a close correlation between a 
guide of rectangular cross-section in a cartesian 
system of co-ordinates (x, y, z) and a guide of 
sector-shaped cross-section in a cylindrical sys
tem of co-ordinates (r, </>, z) (Fig. 8) .  The form 
of the equations of the electromagnetic field is 

1-z 
� "' z 0 u 
z 0 ;:: < ::::> z UJ I-
� 

FREQUENCY 

DUE TO TOP AND BOTTOM 

Fig. 7-Analysis of the attenuation constant of an 
H-wave of zero order propagated through a guide of 
rectangular cross section. 

I 

I I I I 
z 't  

Fig. 8-Pattem representing the electric field of an 
H-wave of zero order and principal mode, propagated 
through

' 
a guide composed of a portion of a circular 

cylinder and two radial planes. 
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exactly the same in the two cases ; in place of the 
circular functions, we now have Bessel functions 
of the first kind, and in place of the non-vanishing 
roots of sin x = 0, we now have the non-vanishing 
roots of J1(x) = 0, which are denoted below by 
k1m· Thus 

Er = O , Ez = O, 

H _ 1 ( k1m ) 2J ( k1m ) -r z - -. - -- o -r e z. )wµ ro ro 

(4) 

The pattern of the electric field now consists 
of concentric arcs (Fig. 8) and that of the 
magnetic field of closed curves in radial planes 
(Fig. 9) . 

The cut-off frequency is given by 

f k1m om = -2-c, 11"Yo (S) 

which differs from the expression found for the 
rectangular guide merely in that the root of the 
Bessel function takes the place of that of the 
corresponding circular function. 

As the attenuation constant may be calculated 
by Schelkunoff's well-known general formula2 in 
a perfectly straightforward manner, it may 
suffice here merely to state the result. 

(6) 

where 

The factor C1m is always greater than unity. 
The lowest value occurs for m = 1 in which case 
C1m is approximately 1 .01 .  The first term in (6) 
arises from currents induced in the radial planes, 

2 S. A. Schelkunoff, "Transmission Theory of Plane 
Electromagnetic Waves," Proceedings of the I. R. E., v. 25, 
p. 1482 ; November, 1937. 

partly by H, and partly by Hz. After a minimum 
is passed , this term is an increasing function of 
frequency. The second and third terms arise, 
respectively, from currents in the radial planes 
and in the cylindrical surface in consequence of 
the longitudinal field ; both of these terms are 
decreasing functions of frequency. Since the 

Fig. 9-Pattems representing the magnetic field in any 
radial plane of a guide of sector-shaped cross-section 
transmitting an H-wave, of zero order and principal mode. 

Fig. 10-Guide composed of a circular cylinder and a 
radial baffle plane. 

cut-off frequency (5) is independent of the sector 
angle, (6) is applicable to the case of ¢ =  271", that 
is to say, to a circular guide with a single radial 
baffle plate (Fig. 10) . 

A sector angle of 271" appears to be the limiting 
value for a guide in physical space, but this 
restriction need not be applied to the equations 
of the field or the equations of the cut-off fre
quency and attenuation constant. Although 
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originally established for physical space, their 
range of validity extends into the region of cf> 
beyond 27r -a fictitious region, known also as 
Riemann Space,3 where the sector angle may, 
indeed, be increased indefinitely. In consequence, 
the length of the arc cf>ro increases correspond
ingly, with the result that the first two terms of 
( 6) tend towards zero. As the radial planes of 
the guide are thus ultimately of no effect they 
may be removed, and now the barrier between 
physical and fictitious space effectively breaks 
down, and there remains a guide of circular 
cross-section. On this view, then, a guide of 
circular cross-section is the extreme case of a 
guide of sector-shaped cross-section, for which 
the length of the arc becomes infinite-in exact 
correspondence to the extreme case of the rec
tangular guide for which the height increases 
indefinitely. As the first two terms in (6) vanish, 
the attenuation constant is supplied by the third 
term alone, which is a falling function with 
increasing frequency. 

Fig. 1 1-Pattem representing the electric field of an 
H-wave, of zero order and principal mode, propagated 
through a guide composed of portions of two coaxial 
circular cylinders and two radial planes. 

As a check of our last result, we may employ 
a method that does not require the notion of a 
fictitious space. Let us assume that while the 
conductivity of the metal of the cylinder retains 
a high, but finite, value, that of the baffle plane 

a J. H. Jeans, "The Mathematical Theory of Electricity 
and Magnetism," 5th Edition, p. 283. 

is allowed to increase indefinitely. If then, instead 
of being given as a product of two factors, (6) is 
re-written as a sum of three separate terms, the 
first two terms, which refer to the baffie plane, 
again tend towards zero. Moreover, as the baffie 
plane does not constrain the field, the plane 
may be deleted altogether. There thus again 
remains a guide of circular cross-section for which 
the attenuation constant is as before correctly 
given by the third term of (6) . 

4. Guides of Ring-Sector Section 

The treatment of this case (Fig. 1 1 )  is identical 
with that of the sector-shaped guide except that 
to the Bessel function of the first kind there must 
now be added that of the second kind. If we put 

Zn(xr) = AJ n(xr) +BN ,. (xr) , 
where A and B are real and x is a function of 
the radii r1 and r2, the electromagnetic field is 
given by 

(7) 

where v1m denotes the mth root of the equation 

moreover m1r � P1m � kim· 
The cut-off frequency is given by 

f om (8) 

If r1 approaches zero, (7) and (8) become 
identical with those appropriate to a sector
shaped guide, that is, (4) and (5) .  If both r1 and 
r2 are very large, the Bessel functions in (7) may 
be replaced by their asymptotic expansions 
whereby (7) assumes the form of (1) ; i.e. , that 
of the field within a rectangular guide. 
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As before, the attenuation constant may be 
calculated by the general formula in a straight
forward manner with the result 

•· ...... . ( fl7r/Y{2 , • J.'' [Z1(xr) ]2dr 
aom = ( � r ¢ r�[Zo(xr2) ]2 -r12[Zo(xr1) ]2 

x 
1 

' (1 - v m)" (9) 

+ 2 r2[Zo(xr2) ]2 -r1[Zo(xri) ]2 v5m 
ef> r�[Zo(xr2) ]2 - ri[Zo(xr1) ]2 ( 1 - v�m)t 

+ r2[Zo(xr2) ]2+r1[Zo(xr1) ]2 v5m , } · 
r2[Zo(xr2) ]2 - ri[Zo(xr1) ] 2  ( 1- v5m) • 

The first term in (9) is due to the currents 
induced in the two radial planes, partly by Hr 
and partly by H,. This is the rising term. The 
second and third terms are due to currents 
induced by Hz in the radial planes and in the 
two cylindrical surfaces, respectively. If r1 tends 
to zero, or if both r1 and r2 become large, (9) 
assumes the forms appropriate to .guides of 
sector , or rectangular cross-sections. For ¢ = 27r, 
the gutde becomes a pair of coaxial cylinders with 
a single radial baffle plane (Fig. 12) . As before, 
we make use of the notion of Riemann Space and 
extend the validity of our equations into regions 
for which the sector angle exceeds 27r. And then 
with ¢' increasing indefinitely, the first two terms 
of (9) again tend towards zero ; and again the 
radial planes become ineffective and may be 
removed. On this view, then, a guide of two 
coaxial circular cylinders is an extreme case of a 
guide composed of portions of two coaxial cylin
ders and two radial planes, and the attenuation 

constant is simply given by the third term in (9) .  
This is  the general case in which the attenuation 
approaches zero with increasing frequency. 

In this, as in the special cases considered, the 
equations reveal that the anomalous falling off 
of the attenuation constant with frequency may 
be ascribed to the indefinite increase of one of 
the transverse dimensions of the guide, with the 
consequent disappearance of all terms that nor-

Fig. 12-Guide composed of two coaxial circular cylinders 
and a radial baffie plane. 

mally account for the rise with frequency. Thus 
all surfaces at which lines of electric force begin 
or end are relegated to regions infinitely far apart 
from one another where their existence can no 
longer be of any practical consequence. In the 
rectangular case, the guide ceases thereby to be 
of finite height, but in the two circular cases, 
where the field is wrapped around an axis or 
around a circular cylinder, the guide retains a 
finite form and the field within it, so constrained, 
continues to display the properties characteristic 
of a field of infinite range. 
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Exact Design and Analysis of Double- and Triple-Tuned 
Band-Pass Amplifiers * 

By MILTON DISHAL 

Federal Telecommunication Laboratories, Inc. , Nutley, New Jersey 

THE PURPOSE of this paper . is to pre
sent a quick, complete, and exact 
method of design and analysis of 

double- and triple-tuned band-pass amplifiers. 
The necessary small-percentage pass�band 

equations are derived giving the relationship be
tween the circuit characteristics and the response 
characteristics. These circuit characteristics are : 
the resonant frequency f o, coefficient of coupling 
K, the circuit Q, and the input and output ca
pacitances C;n and Cout· The response character 
istics are : the percentage bandwidth between 
peaks Lif P/ Jo, the peak-to-valley response ratio 
within the pass band VP/ Vv , the peak-to-"skirt" 
response ratio VP/ V at different skirt-to-peak 
bandwidth ratio points Lif / Lifv outside the pass 
band, the circuit gain at the peaks, and the phase 
shift 0 at any frequency. 

These design equations, extended to the case 
of one to eight cascaded stages, are incorporated 
in two sets of conveniently used nomographs, one 
set for the double-tuned circuits and one set for 
triple-tuned circuits. Specific examples of the use 
of these nomographs are given. 

1 .  Symbols 

fo = resonant frequency (see Section 5) 
w0 = resonant radian frequency 
n = decrement of a resonant circuit . (see Sec

tion 4) 
Q = reciprocal of decrement (see Section 4) 

Kc= coefficient of capacitive coupling between 
resonant circuits (see Fig. 3) 

KL= coefficient of inductive coupling between 
resonant circuits (see Fig. 3) 

KM = coefficient of mutual inductive coupling be
tween resonant circuits (see Fig. 3) 

K = [Kc(w/wo) - KL(wo/w) J 

* Reprinted from Proceedings of the I.R.E., v. 35, pp. 
606-626 ;  June, 1947. 

C, L, M, R = capacitance (farads) , °  inductance 
(henries) , mutual inductance (henries) , te
sistance (ohms) 

B = susceptance 
g = conductance 
F= (f /fo -fo/f) = (w/wo - wo/w) 
0 = phase angle between a resulting voltage and 

· the driving current, or the phase angle be
tween a resulting current and the driving 
voltage 

Lif = difference between two frequencies 
V = response voltage 
{3 = a constant for double-tuned circuits (a 

function of peak-to-valley ratio) 
N = number of cascaded stages 
'Y = a  constant for triple-tuned circuits (a func

tion of peak-to-valley ratio) 
Lif v = bandwidth between response peaks 
V11 = voltage at peaks of the response 
Vv = voltage at the valley of the response 
D = n2/n1 = Qi/Q2 

2. Introduction 

To aid in the design and analysis of circuits 
which produce a band-pass response with respect 
to frequency, there has arisen a large body of 
literature1-4 under the two general headings of 
filter theory and coupled-circuit theory. 

However, it would be worthwhile to have col
lected in one place a method of design that will 
quickly and easily give answers to questions of 
the following type which might arise in the course 
of a thorough design of, say, a wide-band inter
mediate-frequency amplifier for receivers : 

1 E. S. Purington, "Single and Coupled Circuit Systems," 
Proceedings of the I.R.E., v. 18, pp. 983-1016;  June, 1930. 2 C. B. Aiken, "Two Mesh Tuned Coupled Circuit 
Filters," Proceedings of the I.R.E., v. 25,  PP· 230-272 ; 
Februarv, 1937. 

a F. X. Rettenmeyer, "Radio Bibliography-Filters," 
Radio, n. 273,  pp. 26-30; October, 1942. 

4 T. E. Shea, "Transmission Networks and Wave Fil
ters," D. Van Nostrand Company, Inc. , New York, N. Y., 
1929. 
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A. For a given bandwidth and "flatness" of 
response, exactly how much more gain can be 
obtained if we use triple-tuned rather than 
double-tuned circuits? 

B. Can a certain l;lkirt-selectivity specification 
be satisfied using only five double-tuned circuits? 
If so, what must the circuit constants be? What 
peak-to-valley ratio will there be in the pass 
band? 

C. How much more gain and how much 
greater skirt selectivity will be obtained if we 
accept a relatively poor response in the pass band 
by allowing a 1 .3 peak-to-valley ratio in prefer
ence to a good 1 .05 peak-to-valley ratio? What 
must the circuit constants be for both cases? 

D. Will more gain per stage be obtained if all 
the loading is done in one of the resonant circuits, 
or should the Q of all the resonant circuits be 
made equal? 

In this paper, through the medium of two sets 
of three nomographs each, the writer hopes to 
provide in one place a ready means of obtaining 
exact answers (with a minimum of time and 
calculation) to the above and other questions for 
the case of double-tuned and triple-tuned band
pass circuits when small-percentage (20 percent 
or less) bandwidths are used. 

The concepts and constants used are those 
commonly associated with coupled-circuit theory. 
Filter-theory constants and concepts are always 
useful, and when many tuned circuits are coupled 
together it is practically necessary to use the 
filter-theory type of design. However, for both 
double- and triple-tuned circuits, it is possible to 
obtain exact closed-form solutions for the circuit 
response (when band-pass percentages are ap
proximately 20 percent or less) ; and these solu
tions are more concisely stated in terms of 
coupled-circuit constants. 

The circuit constants used are the resonant 
frequency f o, the Q of each resonant circuit used, 
and the coefficient of coupling K between reso
nant circuits. The response constants are the per
centage bandwidth between peaks Afp/ fo, the 
peak-to-valley ratio VP/ Vv inside the pass band, 
(this fixes the goodness or "flatness" of the pass 
band) ; and the skirt bandwidths Af / Af P at differ
ent skirt response points VP/ V (this fixes the 
sharpness of cutoff or the skirt selectivity outside 
the pass band) , the circuit gain at the peaks, and 
the phase shift at any frequency. 

The results of the double-tuned analysis (i.e . ,  
the nomographs and the family of phase-shift 
curves) will be given next with examples of 
their use. 

3. Design and Analysis of Double· Tuned 
Circuits by Means of the Nomographs 

From (19a) , A i, Ci, D2, and E1 of this paper, 
a set of nomographs have been prepared, and a 
family of curves have been prepared from the 
phase-shift equation (26) . The use of these 
nomographs is best explained by a few specific 
examples. 

3 . 1  EXAMPLE I 

Knowing that the gain per stage is approxi
mately 

and that C1 = C2 = 10 micromicrofarads and gm 
= 5 X 10-3 mho, it is decided that five stages are 
probably needed to obtain a certain desired gain. 
A ratio of peak gain to valley gain of 1. 10 will 
be satisfactory. A bandwidth between peaks Afp 
of 2 megacycles is required ; and to make the 
percentage bandwidth approximately 20 percent 
or less, a midfrequency f o of 30 megacycles is 
chosen. 

What loading resistances should be used to 
give the proper Q in the two tuned circuits? What 
exact gain per stage will be obtained? What must 
the mutual impedance be to give the proper co
efficient of coupling? What will the bandwidth 
be 6 decibels down from the peaks? What will 
the bandwidth be 60 decibels down from the 
peaks? 

Starting with Chart A, place a straight edge 
between point 5 on the "Number of Cascaded 
Stages (N)" column and point 1 . 10 on the 
" ( Vp/ Vv)" column. From the "[Q/(fo/Afp) ]" 
column, we find that the Q of each resonant 
circuit must be 

Q = 0.69I;p= 10, 

and from this same column the gain per stage 
will be 
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' w ' =  ..!. l - .L 2.5 1.5 

0 L1C1 w o - L,c. 
Q = �  _M_ Q = � 2.2 

311'�'· 2.0 
1.4 Rz 1 . 8 

K 2.0 
TY P I C A L  C I R C U I T  1 . 6  

l .8 1.3 

1 .4 

1·6 

z 2 1 .2  

CJ) 1.5 1.2 w 
(!) Q <( 
I- f0/6fp 1.0 CJ) and 1.4 
a 

1.15 w GAI N PER STAG E Vp a 3 

<( gm/( 47Tt.f P Vc1c2 ) KO Vv (.) 
CJ) 1.3 <( 
(.) . 8  1.12 
LL 0 4 1.25 a:: 
w 1.1 

CD .7 � 
� 

1 . 2  2 5 

1.08 

6 

1. 1 5  

7 1.06 

1.05 
R E S P O NSE 1 . 1 0  

Chart A-Double-tuned band-pass circuit design. 
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Chart B-Double-tuned band-pass circuit design. 
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Chart C-Double-tuned band-pass circuit design. 
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Chart D-Phase shift for a flat-top double-tuned circuit for different peak-to-valley ratios. 

Knowing the necessary resonant-circuit Q and 
the reactance of the total shunt capacitances in 
the resonant circuits, the necessary resultant 
loading resistance is, of course, given simply by 
R = QX00 = 10X 500 = 5000 ohms. 

Since the coils used will usually have appreci
able loss, they will effectively supply a shunt load
ing resistance of value QLXo0 where QL is the Q 
of the inductance and Xoc is the impedance of 
the shunt capacitance at the resonant frequency. 

Thus, the resistance R+ which must be added 
in parallel with the above effective resistance, 
due to a QL of SO, for example, to produce the 
required resultant Q is 

Cm 

I v1 V2 
L n 

GI c:1 LI Lz CZ 

From the "KQ" column of Chart A, the co
efficient of coupling must be 

K = 
1�2 =0. 122 .  

In the type of circuit chosen (see Figs. 1 and 2) , 
the mutual reactance between the two resonant 
circuits is then found from the simple equation 
for the coefficient of coupling as given with each 
type of coupling in Fig. 3 .  

To consider skirt selectivity, use Charts B and 
C. On Chart B ,  place a straight edge between 
point S on the "Number of Cascaded Stages (N)" 
column, and 6 decibels (or 2) on the " ( VP/ V)" 
column. Read 0.56 on the middle, or " Y" 
column. Now, going to Chart C ,  place the straight 

T "l_ 
Fig. 1-Basic double-tuned two-node band-pass circuit using both inductive and capacitive coupling 

and the type of voltage response to be considered. 
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IA  18 

IC T 

I E  

�t I [] t f � · --.-.... 

··! tit f 
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Fig. 2-Ten two-node circuits. The circuit of Fig. 1 is exactly equivalent to these circuits. 
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±M K = ---
VLPLS 

E1 L 
b 

K = M . V 0a % 
V ( c +c ) ( c .+cb) = --0n-n a n 

Lm = K VL1 L2 

(c,+c•I ' ',� ( ',+',I''• 

Lo ( Ln+Lb) = L LQ+Lb+Ln a 

Fig. 3-Coe:fficient of coupling used in the analysis and the ?t; T, and transformer exact equivalents, 
and approximations for small couplings. 
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edge between 0.69 on the " [Q/ (Jo/ Afp) ]" column 
and 0.56 on the " Y" column and read from the 
middle column that 

Af6 decibels = 1 .95Aj p = 3.9 megacycles. 

The bandwidth at the 60-decibels-down point 
is obtained in exactly the same way, i .e . ,  on 
Chart B, place the straight edge between the 
point 5 on the "Number of Cascaded Stages (N) " 
column and 60 decibels (or 1000) on the " ( VP/ V) " 
column. Read 3 .6  on the " Y" column. Going to 
Chart C, place the straight edge between point 
0.69 on the " [Q/Cfo/Afp) J"  column and 3.6 on the 
" Y" column. Read from the "[ (Af / Af P) ]" column 
that 

Af 60 decibels = 4.4Af p = 8.8 megacycles. 

Any other points on the response curve are 
found in the same manner. 

3. 2 EXAMPLE I I  

Knowing that the approximate gain per stage 
is Gain = gm/47rAfp"'C1C2, it is decided that only 
3 stages are needed to give a certain desired gain. 
It is necessary that the skirt selectivity be such 
that the bandwidth 60 decibels down be only 5 
times the bandwidth between the peaks, i .e . ,  
Af 60 decibels/ Af P = 5. What must be the Q of each 
tuned circuit to obtain this skirt selectivity? 
What exact gain per stage will be obtained? What 
coefficient of coupling is required? What peak-to
valley ratio must be accepted to obtain this 
selectivity? 

Starting with Chart B ,  place a straight edge 
between point 3 in the "Number of Cascaded 
Stages (N) " column and point 60 decibels on the 
" ( Vp/ V)" column and read 9.6 from the " Y" 
column. Going to Chart C, place the straight 
edge between point 5 on the " (Af / Af P) " column 
and 9.6 on the " Y" column and read on the 
" [Q/(f0/Afp) J" column that the required Q is 

f o 
Q = l . lAfp . 

Now going to Chart A, place the straight 
edge between point 3 on the "Number of Cas
caded Stages (N) " column and 1 . 1  on the 
" [ Q / (f 0/ Af P) ]" column. The exact gain will be 

Gain = 1 . 1  gm 
41T'Afp"'C1C2 

and, from the "KQ" column, the required co
efficient of coupling is 

K = l .48 . 
Q 

From the " ( VP/ v,.) " column, the resulting 
peak-to-valley ratio will be 

Vp/ Vv = l .27 .  

3.3 EXAMPLE I I I  

The nomographs may be conveniently used for 
analysis of coupled circuits, as well as for design 
or synthesis. 

Thus, given the Q of two resonant circuits as 
20, the coefficient of coupling K between them as 
0 .085 , and the resonant frequency as 15 mega
cycles, what is the response curve? 

The product of KQ is 1 . 7 .  Going to Chart A, 
set the straight edge between 1 on the "Number 
of Cascaded Stages (N) " column and 1 .  7 on the 
"KQ" column. From the " ( VP/ Vv) " column, 
Vp/ Vv = l . 15 .  From the "[Q/(fo/Afp)]" column, 
the band width between peaks will be 

Af P = 1 .38 � = 1 .04 megacycles. 

To find the width of the skirts at different 
points, e.g. ,  10 times or 20 decibels down, go to 
Chart B. Place the straight edge between 1 on 
the "Number of Cascaded Stages (N)" column 
and 20 decibels on the " ( Vp/ V) " column and 
read 10 on the " Y" column. Going to Chart C ,  
place the straight edge between 1 .38 on the 
" [Q/(f0/Afp)]" column and 10 on the " Y" 
column and see that 

Af20 decibc1 s= 4.4Afp = 4.6  megacycles. 

Any other points on the skirts are obtained in 
the same way. 

3.4 EXAMPLE IV 

To find the phase shift at any point in the pass 
band, Chart D is used. 

It should be noted that 2 (f-fo)/Afp (which is 
the abscissa of the graph) is merely a way of 
writing (Af / Af P) to show more clearly that in the 
phase-shift equation (26) , Af defines two frequen
cies equidistant from the resonant frequency. 
The abscissa is ( +) for frequencies above the 
resonant frequency and is ( - ) for frequencies 
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below the resonant frequency. For exam
ple, at the high-frequency peak, f = f ph and 
2 (f-fo)/Afp= + 1  and at the low-frequency 
peak, f = fpl and 2 (1-fo)/Af P = - 1. 

Note also that the ordinates give the phase 
shift per stage. If N cascaded identical stages are 
used , this phase shift is then multiplied by N. 

in Fig. 4 ,  where I, the equivalent constant
current generator, and g, C, and L, are substi
tuted for by e, R, L, and C, respectively. Again, by 
virtue of the equivalence of 7r1S, T's, and trans
formers, the analysis also applies to the ten addi
tional circuits given in Fig. 5. Thus, a total of 22 
band-pass circuits are effectively analyzed in this 

Fig. 4-Basic double-tuned two-mesh band-pass circuit (using both inductive and capacitive coupling) 
and the type of current response to be considered. 

Finally, note that the peak-to-valley ratios for 
each curve are the ratios for a single stage. 

Thus, if 6 cascaded stages are being used to 
produce a resultant peak-to-valley ratio of 1 .05, 
each single stage must have a peak-to-valley 
ratio equal to the 6th root of 1 .05, or 1 .0083. For 
this case , Curve 8 would therefore give the phase 
shift versus frequency per stage. This phase shift 
at each frequency is then multiplied by 6 to give 
the resultant phase-shift-versus-frequency curve. 

4. Circuits Which Are Analyzed 

The basic circuit analyzed is the two-node net
work consisting of two resonant circuits coupled 
together both inductively and capacitively. This 
circuit and the response investigated are shown 
in Fig. 1 .  

By virtue of the exact equivalence of 7r's, T's, 
and transformers, the exact analysis of the basic 
circuit is immediately applicable to ten more cir
cuits. These ten circuits are shown in Fig. 2 and 
the equations giving the values of the equivalent 
elements are given in Fig. 3. Lattice, bridged-I', 
etc . ,  equivalents may also be used. 

By virtue of the concept of duality,5 the anal
ysis of the basic two-node network is immediately 
applicable to the dual two-mesh network given 

s Electrical Engineering Staff, Massachusetts Institute of 
Technology, "Electric Circuits," John Wiley and Sons, 
New York, N. Y., 1940, pp. 245-246. 

paper, plus any lattice, bridged-I', etc . ,  equiva
lents which the reader may desire to use. 

The two-node circuit of Fig. 1 is picked as the 
circuit to be analyzed, rather than the dual two
mesh circuit of Fig. 4, because vacuum-tube 
amplifiers are effectively high-impedance gener
ators, and for practically all high-frequency 
band-pass amplifier applications, high-impedance 
resonance is desired as obtained by the use of the 
circuits of Figs. 1 and 2. 

If very-small-percentage pass bands are to be 
produced, and very slight inequality in the height 
of the two peaks can be tolerated, then all 22 of 
the circuits shown in Figs. 1 ,  2, 4, and 5 can be 
used as either high- or low-impedance circuits by 
means of the following reasoning. For the small
percentage band-pass case, it is convenient (and 
correct) to consider the band-pass characteristic 
as being produced in the following manner : 

A. Fundamentally, the configuration of only 
the lossless reactive components produces the 
band-pass response ; the percentage bandwidth 
being fixed (to a first approximation) by the 
coefficient of coupling K. Figs. 1 and 2 and Figs. 4 
and 5 give the two-node and the two-mesh reac
tive networks that can produce a band-pass 
characteristic. (Consider the shunt resistors of 
Figs. 1 and 2 to be open-circuited and the series 
resistors of Figs. 4 and 5 to be short-circuited.) 
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At 

e, 

c 

c. 

Fig. 5-Ten two-mesh circuits. The circuit of Fig. 4 is exactly equivalent to these circuits. 
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B.  The peak-to-valley ratio is fixed to a first 
approximation by the required Q of the input 
and output resonant circuits. The correct reso
nant circuit Q can be produced in three ways : 
(1) by placing a small resistance in series with the 
resonant circuit, Q = Xo/R,, ; (2) by placing a 
large resistance in parallel with the resonant cir
cuit, Q = RP/X0,, or (3) by a combination of both 
series and parallel loading. For this case 

Q =  1 
(Rs/ X o) + (X oj RP) 

C. The driving force may be applied in two 
ways : either an infinite-impedance (i.e., zero con
ductance) constant-current generator may be 
placed in parallel with either the resonating in
ductance or the resonating capacitance (never 
across the mutual reactance) ; or a zero-impedance 
constant-voltage generator may be placed in 
series with either the resonating inductance or 
resonating capacitance (never in series with the 
mutual reactance) . 

In practice, all equivalent generators have 
finite output impedances associated with them. 
Thus, the above steps, B and C, are interrelated 
to the extent that the effect of the output im
pedance of the generator upon the resonant cir
cuit Q must be considered. 

D. The output voltage may be obtained across 
either the resonating inductance or the resonat
ing capacitance in the output circuit. Of course, 
we must consider the effect of the resistive com
ponent of the load upon the Q of the output 
resonant circuit. 

5. Elements Which Are Resonated 

It is important to know exactly what elements 
are resonated in the above circuits. The elements 
which are tuned to resonance in circuit 1 ,  Fig. 5 ,  
and all the two-node circuits are indicated by the 
following procedure : node 2 is shorted to ground 
and all the reactive elements remaining are reso
nated at the desired frequency ; then node 1 is 
shorted to ground (the short on node 2 is re
moved) and all the remaining reactive elements 
are resonated to the above frequency. Thus, in 
circuit 1 ,  C1 plus Cm is resonated with the re-

sultant of L2 and Ln in parallel. Thus, for Fig, 1, 
we have 

(1) 

This method of defining the resonances also 
introduces a very practical method of aligning 
double- or triple-tuned coupled resonant circuits. 
First, completely detune all but one of the reso
nant circuits without affecting the mutual im
pedance. This detuning effectively short-circuits 
the node to ground for all practical purposes, and 
may be accomplished simply by placing an addi
tional capacitance across the resonant circuits 
whose value is approximately three or four times 
that of the capacitance in the circuit. Or, if iron
slug tuning is used, sufficient detuning can usually 
be accomplished merely by turning the slug to 
its extreme position. Second, feed a signal into the 
circuit at the desired resonant frequency and tune 
the remaining circuit, which is not detuned, for 
maximum output. This procedure is then re
peated until all the circuits have been resonated 
in the above manner. 

Actually, for a certain distribution of the cir
cuit constants, i .e . ,  Qi = Qz, there is a more con
venient metho,d of alignment which will be men
tioned later. 

In the dual two-mesh circuits, the elements to 
be resonated are indicated by the following pro
cedure : mesh 2 is open-circuited and all the re
actances remaining in the circuit are resonated. 
Then, with mesh 2 returned to its normal condi
tion, mesh 1 is open-circuited and all rem�ining 
reactive elements are resonated to the same fre
quency. Thus, for Fig. 4, we have : 

(2) 

www.americanradiohistory.com

www.americanradiohistory.com


D E S  I G N A N D A N A  L Y S I S 0 F B A N D - P A S S  A M P L I F I E R S  361 

6. Exact Response Equations 

The node equations for the circuit shown m 
Fig. 1 are : 

J = [g1+ j(Bc1+Bc,,. -B L1 -BL,) ] V1 } 
-j(Bcm -B Ln) V2 

0 = -j(Bcm -BL,) Vi 
+ [g2+ j(Bc2 +Bern -B L2 -B LJ]  V2. 

(3) 

As mentioned in Section 4, the solution of the 
above two equations for the response voltage Vi 
contains the solution for all 22 circuits shown in 
Figs. 1 ,  2 ,  4, and 5 .  

A great simplification is  produced in the re
sulting equations for the circuits if the resonant 
frequency fo, the coefficient of coupling K be
tween resonant circuits, and the decrement of 
each resonant circuit n are introduced into the 
circuit equations. (The decrement is the recipro
cal of the more commonly used Q.) 

With the introduction of these constants, the 
equations can be expressed in terms of the three 
quantities only instead of in terms of the. eight 
L, C, and R elements making up the circuit. Our 
mental picture of the circuit action is thus greatly 
simplified. 

By solving (3) for the output voltage Vi and 
introducing into the solution the three constants 
mentioned above, namely, 

1 
(4) 

(5) 

(6) 

(7) 

- {8) 

we obtain as the exact solution .for. the magnitude 
of the response 

I v 2 = --,=;:====�=;=;======:o:=c: 
wo '\/ ( C1 + Cm) ( C2+ Cm) 

K . 
(9) 

and the phase of the output voltage with respect 
to the constant current source is 

where 

F= (_:.:__ wo) . 
Wo W 

( 1 1) 

( 12) 

. The sigfl_ .t:o be used in the phase-shift equation 
(10) ,  is the sign of the quantity 

Thus, with capacitive coupling predominant,  the 
top signs are used in numerator and denominator, 
and, with positive inductive coupling predomi
nant, the bottom signs are used. 

Examination · of the numerator of (9) shows 
immediately one characteristic of the response. 
The numerator becomes zero and thus there is a 
null response at : 

Wnull = {K;, , 
Wo '\JKc ( 13) 

With reference to circuit I C  of Fig. 2, it should 
be mentioned that if the winding sense of the 
inductances is such that the mutual inductive 
coupling "aids" the capacitive coupling there is 
no null of response, for then the· sign of Xi.' in 
(H} is negative ( - ) and, therefore, the numer-
ator never becomes zero. , 

We wiU now introduce into the above exact 
equations the approximations that produce the 
symmetrical and relatively simple small-percent-
age pass-band analysis. 

-
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7 . .Small-Percentage Pass-Band Response 
Shape 

Because K in (9) is a function of frequency, the 
exact response shape is not symmetrical either 
geometrically or arithmetically with respect to 
frequency. If, however, we limit ourselves to 
small-percentage pass bands where w/wo varies 
in value over the small range from, say, 0.9 to 
1 . 1  then two important simplifications immedi
ately result in the factors shown in ( 1 1) and (12) .  

Equation ( 1 1) becomes independent of fre
quency : 

( 1 1a) 

(It must be realized that this approximation 
cannot be used in the region of the null given 
by (13) .)  

Equation (12)  becomes 

F= (� - wo) 
Wo W 

(w+wo) x 2 (w - wo) 
2w WO 

. 2 (w - wo) . flf = wo fo ' 
( 12a) 

where flf is the frequency bandwidth between 
points equidistant from the resonant frequency fo. 

With the above limitation, (9) shows that in 
the small-percentage pass-band case (where ( 1 1a) 
applies) the shape of the amplitude response 
curve is independent of the type of coupling used. 
The gain obtained with inductive coupling only 
is slightly greater than that obtained with ca
pacitive coupling, for, as seen from (9) , the ca
pacitances that must be considered in figuring 
the gain are (C1+ Cm) and (C2+ Cm) . Cm is the 
equivalent high-side capacitances of Fig. 5 and 
is zero for inductive coupling only. 

The phase shift as given by (10) does differ for 
the two types of coupling. Since the top signs are 
used with capacitive coupling and the bottom 
signs with inductive coupling, we will have posi
tive phase angles with capacitive coupling and 
negative phase angles with inductive coupling. 

The frequency at which the response maxi
mum and minimum occurs is given by differenti
ating (9) with respect to F (i.e. , flf /Jo) and 
equating to zero. This results in 

(flf peak)2 
= K2 -ni+n� 

f o 2 ' (14) 

and the location of the mimmum 1s given by 
flfv/fo = O. 

The response at the peaks, obtained by sub
stituting (14) in (9) , is 

Vpeaks 
I 

wo� ( C1 + Cm) ( C2+ Cm) 
K ( 15) 

The response at the minimum or valley, which 
is at the resonant frequency, is obtained from (9) 
by setting flf / f o = 0 and is 

( 16) 

The peak-to-valley ratio is, therefore, 

What we desire, so far as design is concerned, 
is the values of the decrement n (or Q) and the 
coefficient of coupling K required to give a certain 
peak-to-valley ratio. By combining ( 14) and ( 17) ,  
we obtain 

( 18) 

where 

and where the subscript 1 is to show that this is 
the peak-to-valley ratio of one double-tuned 
stage. Equation (18) is one of the desired design 
equations and shows that the required average 
of the decrements of the primary and secondary 
is fixed only by the peak-to-valley ratio desired 
and the percentage bandwidth. 

The smaller we desire the peak-to-valley ratio 
to be (thus the flatter the response is in the pass 
band) the larger f3 becomes and, therefore, the 
greater must be the average decrement, i.e., the 
lower must be the Q. From (19) ,  we find that f3 
varies between the values of 1 .  7.5 to 0.42 as the 
peak-to-valley ratio varies, respectively, between 
the values of 1 .01  to 1 .50. 
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Now, making .use of equations (14) and (18) ,  
we obtain for the required coefficient of coupling 

where (3 is given by (22) and D is the ratio of the 
primary Q to the secondary Q. 

D = n2 = Qi . 
n1 Q2 

Thus, we see that the coefficient of coupling 
required is fixed mainly by the percentage band 
pass desired and is also dependent (not to a great 
extent, however) on the ratio D of primary Q to 
secondary Q. Equation (20) is the second of our 
desired design equations. 

Dividing equation (20) by equation ( 18) , we 
obtain 

K 2(1 +D2) 1 
( l +D)2 + (32

· (21) 

This is a very useful equation because it does 
not involve frequency. I t  shows that as soon as 
the peak-to-valley ratio (i.e. ,  (3) and the Q ratio 
are fixed, then the ratio of the coefficient of 
coupling K and the average decrement (n1 +n2) /2 
is also fixed, and conversely for a given circuit 
where the Q ratio and the ratio of the coefficient 
of coupling artd the average decrement is fixed, 
the peak-to-valley ratio is fixed. It should be un
derstood that the Q ratio D has an almost second
order effect ; for the quantity 2(1 +D2)/(1 +D)2 
is equal to unity when the Q ratio is unity, and 
approaches a maximum value of two when the 
Q ratio approaches either zero or infinity. 

The next design equation desired is one that 
will give the output voltage or the gain of the 
circuit at the peaks of the response. By substi
tuting the design conditions given by (18) and 
(20) in the equation giving the response at the 
peaks, which is (15) , we obtain 

(22) 

and for the usual case, where the constant
current generator of value I is a vacuum tube, 

Design equation (23) brings out several points 
of interest with reference to the gain obtained 
with "flat-topped" band-pass circuits. We see 
that the gain depends directly on the g,,, of the 
tube used and inversely on the numerical band
width desired between peaks t,,.jp. The midfre
quency has no effect on the gain (as long as the 
bandwidth t,,.f P is a small percentage of the mid
frequency fo) . The gain is also inversely propor
tional to the square root of the product of the 
total capacitance across the input or output cir
cuits that must be resonated. We see also that 
the gain is inversely proportional to the factor (3 
which is given by ( 19) and which is a measure of 
the flatness of response in the flat-top pass band. 
The flatter the pass band, the lower the gain 
obtainable. Finally, the gain depends on the 
square root of a quantity involving the ratio of 
primary Q to secondary Q. 

This square root has only an almost second
order effect on the gain. I t  is interesting, how
ever, to see the effect of this Q ratio on the gain. 
If Qi equals Q2, the factor under discussion be
comes unity. If Q2 is made infinite and all the 
loading is done on the primary side, we obtain 

and, if Qi is made infinite and all the loading is 
done on the secondary side, we again obtain 

In most practical designs, {3 will have a value 
close to unity; therefore, if all loading is done on 
one side of the band-pass circuit, approximately 
25 percent more gain per stage will be obtained, 
as compared to the case where the primary and 
secondary are equally loaded (i.e. ,  Qi= Q2) . 

I t  may be mentioned here that practical con
siderations dealing with ease of circuit align
ment, and "Miller effect" detuning, lead to the 
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conclusion that in many cases it is better to make 
Qi = Q2 and thus sacrifice the above 25 percent 
additional gain per stage. These points will be 
discussed later. 

The next desired design equation is concerned 
with the shape of the circuit response outside the · 

pass band, i.e. , the skirt selectivity. By combin
ing (9) , giving the response at any frequency, 
and ( 15) , giving the response at the peaks, and 
( 18) and (20) , giving the required circuit con
stants, we obtain for the ratio of peak response 
VP to the response V, at any bandwidth ti.f, 

(vp) = 
'
1 + r cti.J/ti.fp)2 - 1 J 2 

(24) v i '\J L 2(3...f1 +(32 

and solving (24) for ti.f / ti.f P • we obtain 

where the subscript 1 is to show that the ratios 
are the voltage ratios for one double-tuned stage. 

This is the last of our desired design equations 
and we see that the larger (3 is made (therefore, 
the flatter the response inside the pass band) the 
wider are the skirts at any skirt-response point, 
i.e. , skirt selectivity becomes poorer as the pass
band response is improved. It should be noted 
from (24) or (25) that , for a given peak-to-valley 
ratio (i.e. , a given (3) , the shape of the response 
curve is independent of the ratio of primary Q 
to secondary Q. 

The plus-or-minus sign in (25) should also be 
noted. When the plu_s sign is used, we obtain the 
skirt bandwidths outside the response peaks, and 
when the minus sign is used, we obtain the band
widths inside the peaks of the response curve. 

To make analysis as complete as possible, the 
phase of the response voltage with respect to the 
driving current should also be given. By com
bining (10) for the phase shift with design equa
tions (18) and (20) , we obtain 

tan (jper stage 
±[1  +2(32 - (ti.f I ti.f v)2] 

± [2f3(±ti.f I ti.fp) J (26) 

In (26) the top sign is used in front of the 
numerator and denominator when (Kc -KL) is 
plus, i.e. , with a net capacitive coupling. (It 
should be remembered that these equations 
should not be applied to the region in the vicinity 
of the null given by (13) .) The plus sign is used 

inside the bracket in the denominator for the 
frequencies above the resonant frequency and the 
minus sign is used for the frequencies below the 
resonant frequency. 

From (26) we can see that for inductive coup
ling the phase shift at the midfrequency (i.e. , 
ti.j = O) is - 90 degrees ; at the low-frequency 
peak, the tangent of the phase angle is ( - / + )(3 ;  
and at the high-frequency peak, the tangent of 
the phase angle is ( - / - )(3. Since in many appli
cations satisfactory flatness in the pass band is 
given when (3 is approximately unity, we see that 
the phase shift at the low-frequency peak is 
usually approximately -45 degrees and the high
frequency peak usually has a phase angle of ap
proximately - 135 degrees. 

With capacitive coupling, we see that the phase 
shift at the midfrequency is +90 degrees ; the 
tangent of the phase angle at the low-frequency 
peak is ( + / - )(3 ; the tangent of the phase angle 
at the high-frequency peak is ( + / + )(3 ; and for 
(3 equal approximately to unity the phase shift 
at the low-frequency peak is thus approximately 
+ 135 degrees, and at the high-frequency peak 
it is approximately +45 degrees. 

It should be noted that for a given peak-to
valley ratio (i.e. , a given (3) , the phase shift is 
independent of the Q ratio. 

8. Small-Percentage Pass-Band Design 
Equations JJ7hen Qi = Q2 
Design equations having even a small degree 

of complexity are, in many cases, not used by 
engineers. However, conveniently used graphical 
representations of the complex equations will 
usually be put to use. 

Usually, identical band-pass circuits are cas
caded to produce intermediate-frequency-ampli
fier chains. Various applications may necessitate 
the use of from one to, perhaps, eight cascaded 
stages. It would appear worthwhile to develop an 
exact, rapid, graphical method of designing cas
caded circuits so that they produce a specified 
response shape. 

Since the number of cascaded stages used must 
be one of the design parameters, consideration 
of ( 18) , (20) , (2 1) , (22) , (25) , and (26) shows that 
some form of family-of-curves representation or 
its equivalent is necessary. We further note that 
(20) and (22) are complicated by the relatively 
second-order effect of the Q ratio which would 
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necessitate an almost useless family of curves. 
Because of this complication, we will consider the 
case where Qi = Q2 , in the graphical method of 
design ; and the equations themselves can be 
used directly when Qi does not equal Q2. 

There are two important practical reasons why 
a design using Qi = Q2 should be used whenever 
possible. The first reason is concerned with the 
problem of aligning cascaded flat-topped band
pass circuits. The second reason is concerned with 
the detuning effect caused by the fact that the 
input and output capacitances of a pentode 
change with gain-control setting due to plate-to
grid capacitance feedback (M iller effect) and 

space-charge effects. 
With reference to the alignment of cascaded 

flat-topped circuits, if Qi is made equal to Q2 
the circuits can be aligned just as single-peaked 
or single-tuned circuits are aligned, i.e. , by us
ing a single-frequency signal generator (not a 
"sweeper") ,  and tuning for absolute maximum 
output. With double-peaked circuits, the signal 
generator is set at the frequency at which the low 
peak of the response is desired and all the circuits 
are tuned lower in frequency for maximum re
sponse. (Or the signal generator may be set at 
the frequency at which it is desired to have the 
high-frequency peak, and all the circuits are then 
tuned higher in frequency for maximum re
sponse.) I t  can be shown that if Qi equals Q2, 
equal absolute maxima of response are obtained 
at the peaks only when both circuits are tuned 
to the same resonant frequency (as described in 
Section 4) and, conversely, when both circuits 
are tuned to the same resonant frequency, abso
lute maximum (and equal) response is obtained 
at both peaks (so long as there is no loss in the 
mutual reactance) . This fact is the basis of the 
method of alignment just described. 

When Qi does not equal Q2, tuning of the cir
cuits to produce an absolute maximum of re
sponse at one frequency would necessitate the 
two circuits being tuned to different resonant 
frequencies and the two peaks are then of differ
ent amplitudes. 

With reference to the second reason for making 
Qi equal to Q2, it is desirable to have a response 
curve which is not affected when the gain (i.e . ,  
the gm) of the amplifier tubes is changed. Unfor
tunately, the changes in input and output capaci
tances of a pentode, with changing .gm (due to 

plate-to-grid capacitance feedback and space
charge effects) , detunes the resonant circuits. 
However, it can be shown that, with Qi = Q2, a 
slight detuning of the resonant circuits will have 
practically negligible effect on the symmetry of 
the response curve. Thus, although the response 
curve as a whole will move slightly as the gain 
control is changed, the shape of the curve will 
remain sensibly constant when Qi = Q2. 

When circuits are cascaded, the voltage re
sponses at a given frequency are multiplied to
gether to give the resultant voltage response. 
When the cascaded circuits are all identical , it is 
obvious. that to obtain the resultant voltage re

sponse, the voltage response of one circuit is 
raised to that power given by the number of 
cascaded circuits. 

We must realize that all the voltage responses 
in the previous equations apply to only one 
double-tuned stage. If we are going to cascade 
N stages and want a certain resultant peak-to
valley ratio VP/ Vv, the peak-to-valley ratio of 
each circuit ( VP/ Vv) i, must equal ( VP/ Vv)i!N. 
Likewise, if the resultant skirt-response ratio for 
N cascaded stages is to be Vp/ V, then the skirt
response ratio for each stage ( VP/ V) i, must equal 
( VP/ V)i!N. 

Thus, in (19) and (25) , which apply to one 
stage only, we should make the above substitu
tions to make them apply to N cascaded stages. 

For the case of Qi = Q2 , the design equations 
then become as follows : 

Let 

Then 
Q 1 

fo/11fp = � 
KQ = ""1 + 1//32 

( VP) = { i + [ (D.f/llfp)2 - 1J 2 }N/2 
v 2f3""l +f32 

Gain per stage 1 
gm/hb.fp""( Ci+ Cm) (C2+ Cm) - �  

:£ = \i1 ±2/3""1 +f32-Vc vp/ v)2'N - 1 

± [1 +2/32 - (t.f I D.fv)2J tan liper stage= ± [Z/3(±flj/flfv) J ' 

( 18a) 

(2 1a) 

(24) 

(23a) 

(25a) 

(26) 
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9. Formation o.f Triple- Tuned Band-Pass 
Circuits6• � 
Any two of the circuit configurations shown in 

Figs. 1 and 2 may be connected in series to form 
a triple-tuned three-node band-pass circuit .. (This 
also means, of course, that one of the circuits 
shown can be used twice.) Similarly, the circuit 
configurations of Figs. 4 and 5 can be used to 
form three-mesh band-pass circuits. 

The points made in Sections 4 and 5 of the 
double-tuned analysis apply also to the triple
tuned case, and, rather than repeat them here, it 
will be assumed that the reader will again refer 
to the above sections. 

To obtain a flat-topped response with three 
peaks of equal amplitude in the pass band, all 
the loading must be removed from the middle 
tuned circuit, which is formed when two double
tuned circuits are thus connected in series. Other-

Fig. 6-Basic triple-tuned three-node band-pass circuit using both inductive and capacitive coupling 
and the type of voltage response to be considered. 

With respect to the calculation of the two 
equal coefficients of coupling which appear in the 
resulting triple-tuned circuit, maximum gain will 
be obtained if the following procedure is used : 
the middle resonant circuit formed when two of 
the node networks of Figs. 1 and 2 are connected 
in series should be considered to be formed from 
two identical resonant circuits in parallel (i.e. , 
each one having twice the net inductance and one 
half the net capacitance) . The input resonant 
circuit is then coupled to one of the above reso
nant circuits and the output circuit is coupled to 
the other resonant circuit. 

The middle resonant circuit formed when two 
of the mesh circuits of Figs. 4 and 5 are connected 
in series should be considered to be formed from 
two identical resonant circuits in series (i.e. , each 
one having twice the net capacitance and half 
the next inductance) . The input resonant circuit 
is then coupled to one of the above resonant cir
cuits and the output circuit is coupled to the 
other resonant circuit. 

6 E. A. Guillemin, "Communication Networks," John 
Wiley and Sons, New York, N. Y., v. 1, 193 1 ;  pp. 335-339. 
This analysis deals with the rather unfortunate case (in so 
far as good band-pass response is concerned) of Qi= Q2= Q., 

7 M. R. Winkler, "A 3 Resonant Circuit Transformer," 
Electronics, v. 16, pp. 96-100; January, 1943. Here again 
the main emphasis is placed on the case of Q1 = Q2 = Qs. 

wise, as will be shown later, the outer two peaks 
of the response will be lower in amplitude than 
the middle peak. 

Unfortunately, it is often impossible to obtain 
inductances of sufficient Q for the middle tuned 
circuit unless extremely large coil forms and 
shield cans are used. It will be shown that the 
required Q for the input and output tuned circuits 
is of the order of the value of the reciprocal of 
the percentage bandwidth. Thus, if a bandwidth 
between peaks of 400 kilocycles is desired with a 
midfrequency of 20 megacycles, the required Q 
of the input and output circuit will be approxi
mately 50. To approach the ideal triple-tuned 
response curve, the Q of the middle tuned circuit 
must be of the order of 10 times (or more) the 
Q of the input and output circuits. Thus, a Q of 
the order of 500 or more is required in the above 
case. It is difficult to obtain an inductance of 
this Q. 

However, if the midfrequency of the 400-kilo
cycle pass band were shifted down to . 4 mega
cycles, the required Q of the input and output 
circuits would then be about 10,  and the neces
sary middle-circuit Q would be at least 100. This 
Q can be obtained without too much trouble. 
Thus, if triple-tuned band-pass circuits are to be 
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used, it would be worthwhile choosing a 10-
percent, or even greater, bandwidth. 

As in the double-tuned case, the high-imped
ance or node circuits will be considered to be used 
the most, and therefore the specific analysis will 
be made using three node circuits having both 
inductive and capacitive coupling, as shown in 
Fig. 6. I t  should be clearly realized, however, 
that the resulting analysis applies exactly to all 
of the myriad triple-tuned networks that can 
be formed from the networks of Figs. 1 and 2 
and 4 and 5 .  

10.  Exact Triple- Tuned Response Equation 

The node equations which apply to the triple
tuned circuit of Fig. 6 are : 

1 1 .  Small-Percentage Band-Pass Design 
Equations 

Applying the reasoning used in Section 6 of the 
double-tuned analysis, we will consider the small
percentage band-pass case, i .e., where w/wo be
comes only about 10 percent greater or less than 
unity. We thus have the two great simplifications :  

K= (Kc-KL) and (:::___wo) =t.f. wo w fo 
Setting the derivative with respect to 

of (28) equal to zero, we obtain for the location of 

(27) 

Introducing the resonant frequency (as defined in Section 5) , the coefficient of coupling, and the 
decrement, we obtain from (27) the complete, exact solution for the magnitude and phase of the 
output voltage. 

tan 0 

where as before F= (:::___wo) K= (Kc:::__-KLwo) · wo w wo w 

(28) 

(29) 
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the maxima (plus sign) and minima (minus sign) 

11fmax = O  fo · 
11fmin max ·�[x2 ni+n�+n�J Jo 3 2 

We will obtain the design equations for the case where the Q's of the input and output circuits are 
the same (n1 = n3 = n) and the middle resonant circuit Q is much greater than the Q of the input and 
output circuits (n2«n) . 

For this case, the general response (28) becomes the relatively simple equation 

and from (30) the locations of the maxima and 
minima are given by 

(11-j.:axr = 0 and (K2-n2) (30a) 

( l11;:in)2 = tcK2- n2) = t( l1j:ax) 2 

and the phase-shift equation becomes 

+ (±111) [x2+n2- ( l1f)2J 
tan {) = f 0 fo · (29a) - lx2n-2n(�:YJ 

Substituting the locations of the maxima (30a) 
into the response equation (28a) , gives the re
sponse at the peaks, which is 

Substituting the location of the minimum (30a) 
in the response equation (28a) gives the following 
response at the valley : 

I Vvalley = wo[(C1 + Cm1) (C2+Cm2) Ji  
ix2 

X [4/27 (K2�n2)3+K4n2]� (32) 

and so the peak-to-valley ratio is 

(28a) 

Introducing the location of the outside peaks 
(30a) into the peak-to-valley ratio (33) , we can 
solve for the decrement that is required to pro
duce a desired peak-to-valley ratio with a given 
percentage bandwidth between outside peaks. 
The result is our first design equation. 

where 

Q 1 
fo/ 11fp =:y 

(34) 

and, using (30a) , we have as the equation giving 
the coefficient of coupling which is required to 
obtain a given peak-to-valley ratio with a given 
percentage bandwidth between peaks 

(36) 

where 'Y is given by (35). 
Multiplying (34) by (36) , we obtain our second 

design equation. 

(37) 

The next desired design equation is the one 
giving the skirt selectivity. Substituting the de
sign equations (34) and (36) into the response 
equation (28a) , we obtain the response at any 
point in terms of the peak-to-valley ratio (repre
sented by 'Y of (27)) and the percentage band
width at the outside peaks. Dividing the result 
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by the response at the peaks given by (24) , we 
obtain the equation giving the skirt response 
ratios in terms of the skirt bandwidth. 

(VP) = {1 +{(tf) [ (tf r- l] }2}t 

v 1 ( 1+,,.2h 

Solution of (38) for t:.f / t:.fp gives 

(38) 

( t:.f) [d+ (d2 - 4/27)!Jt + [d - (d2 - 4/27) !]t} t:.fp {2 
where 

a = ,,.(1  +,,.2) [ (  vp/ v,.) i - 1 Jt. 
(39) 

From this equation we can calculate the skirt 
bandwidth for different skirt-response points. 

The next desired equation is the gain equation. 
Substituting the condit.ion given by equation (34) 
into the peak equation (3 1 ) ,  we obtain 

and, finally, if we substitute the design condi
tions (given by equations (34) and (36)) in the 
phase-shift equation (29a) , we obtain the phase 
shift in terms of the peak-to-valley ratio, repre-

. +go 
+60 . 
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• 
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0 o• 
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�Afp+j I 

J#\. D ffi �  
- so• 8 "' 8v- 81 
- 90° 

sented by ,,., and the ratio of the bandwidth to 
the peak bandwidth. 

tan e (41)  

The above equations apply to a single triple
tuned stage. When N stages are cascaded and a 
resultant peak-to-valley ratio of VP/ V. is de
sired, then the peak-to-valley ratio of each stage 
( VP/ Vvh must equal ( VP/ Vv)IIN. Similar reason
ing applies to the skirt-response ratio, so that 
( VP/ V) 1 = ( Vp/ V)IIN. 

Application of the above reasoning gives the 
following design equations for N cascaded triple
tuned circuits, where the input and output reso
nant circuits in each stage are of equal Q, and 
the Q of the middle resonant circuit is much 
higher than that of the input and output circuits. 

Let 

(3Sa) 

I I I I 
CURVE V poak 

Vvalley 
I 1.495 
2 1.275 3 1.1 1 9  

·4 1.0659 
5 1.0428 
6 1.0275 
7 1.0 1 8 3  
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9 1.0042 

� � ii 
:!!� �  �I � 
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" .:;-�� 
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Chart IV-Phase shift for a fiat-top triple-tuned circuit (Q1 = Qa, Q2»Q1,a) for different peak-to-valley ratios. 
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then 

__Q_ = l_ 
fo/ D.j P 'Y 

KQ = �1 + 1/'Y2 

VP =  [ 1 + J (tf) r (tf ) 2 - l l } 2]N/2 

v l ( 1+y2)'Y (38a) 

!if [d + (d2 - 4/27) !Jl +[d - (d2 - 4/27)i]!} 
D.f v 2! . 
where 

d = 'Y(l  +"12) [ ( VP/ V)2/N - 1  ]! 
(39a) 

(40a) 

(41a) 

From (34) , (3Sa) , (36) , (39a) , and (40a) , an
other set of nomographs has been prepared. 
From the phase-shift equation (41) , a family of 
curves has been prepared. 

The procedure for using these nomographs and 
curves is identical with the procedure given in 
Section 3 for the double-tuned nomographs. The 
reader should refer to the examples given in that 
section. 
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13.  Corrections and Notes 

Several corrections have been made in this 
reprint that were not included in the original 
publication. They occur in equations (15)  and 
(30) and in references to the figures that intro
duce equations ( 1 ) ,  (2) , and (3) .  Also, the fourth 
line from the end of page 362 now refers to ( 19) 
rather than (18) .  

In Fig. 3 ,  in the denominators of the equations 
for the vertical legs of the 7r equivalent of the 
transformer, ± should be =F .  In the equations 
for the vertical leg of the T equivalent of the 
transformer, = should be = . 

It should be noted that in Fig. 6, Chart A ,  
and equation (27) , subscripts 1 , 2 ,  and 3 refer 
to the input, output, and middle circuits, respec
tively ; whereas in equations (28) , (29) , and (30) , 
they refer to the input, middle, and output cir
cuits, respectively. 
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Simultaneous Radio Range and Radiotelephone Equipment 
By GEORGE T. ROYDEN * 

Mackay Radio and Telegraph Company, New York, New York 

ADIO RANGE SIGNALS provide reli
able indications of the location of an 
aircraft with respect to a specified 

course. The range station and the sector in which 
the aircraft is flying can be identified. Further
more, voice transmission may be made without 
interfering with the radio range signals. 

The development of radio range operation is 
reviewed, its theory is discussed, and apparatus 
is described. This type of equipment serves all 
important airports not only within the United 
States but also the principal airways throughout 
the world. 

• • • 

The equisignal radio range system1 employing 
two crossed loop antennas has been particularly 
effective for the navigation of aircraft in that 
only an ordinary receiving set is needed on the 
airplane. Signals are alternately transmitted from 
each antenna. The figure-of-eight radiation pat
tern of the loop antennas produces signals of 
equal intensity along the bisector of the angle 
between the two antennas. At any other position, 
the signal from one of the antennas will be 
stronger. Usually a dash-dot (N) signal will be 
transmitted on one antenna and a dot-dash (A) 
signal on the other to facilitate identification of 
the sector when outside of the equal-signal zone. 
The signals are interlocked and a long dash is 
heard when on course. 

Although the early equipments provided only 
four fixed courses at 90 degrees with respect to 
each other, devices were included in later designs 
for rotating the courses and also for squeezing 
and bending the courses so they might be useful 
in the most desirable directions. Subsequently, 
modulators and change-over relays permitted 

* Formerly, Federal Telephone and Radio Corporation, 
Newark, New Jersey. 1 F. lj. Engel and F. W. Dunmore, "A Directive Type 
of Radio Beacon and Its Application to Navigation " 
Bureau of Standards Scientific Paper 480; January, 1924. ' 

choice of range or telephone transmissions. This 
type of equipment is still being employed as 
localizers for airports of secondary importance 
and at intermediate points along the airways. 

The loop type of radio range was subject to 
variations, particularly at night.2 These vagaries, 
together with the necessity to interrupt the 
range signals to broadcast weather information 
and operating instructions by voice, made it 
desirable to use vertical radiators in lieu of loop 
antennas and to develop equipment for simul
taneous transmission. 3 

After a service trial4 had demonstrated im
proved performance, plans were formulated to 
install the new type of equipment to serve the 
principal airports in the United States. It is the 
purpose of this paper to describe, not only the 
apparatus, but also its function in the system. 

1 .  Theory of Operation 

The manner in which the simultaneous radio 
range and radiotelephone system functions is 
adequately described in text books5 on the subject 
and will be reviewed but briefly here. 

The radio range station is located several miles 
from the airfield so its antenna towers will not 
constitute an accident hazard. Wherever possible, 
it is aligned so that one course passes over the 
center of the principal runway. The courses are 
also aligned so that they are directed along the 
routes connecting that airport with other air
ports. 

There are five 135-foot vertical tower antennas 
at each station, four situated at the corners of a 

2 Haraden Pratt, "Apparent Night Variations With 
Crossed-Coil Radio Beacons," Proceedings of the I.R.E., 
v. 16, pp. 652-657 ;  May, 1928. 

3 "Simultaneous Transmission of Voice and Aerial Radio 
Range Signals," A ir Commerce Bulletin, v. 5, p. 268; May 
15,  1934. 

4 "Simultaneous Transmission of Radio Beacon Signals 
and Voice in Trial Service at Pittsburgh," Air Commerce 
Bulletin. v. 7, p. 1 ;  July 15,  1935. 

0 P. C. Sandretto, "Aeronautical Radio Engineering," 
McGraw-Hill Book Company, New York; 1942. 
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square about 425 feet on each side and the fifth 
at the center. The center antenna is employed 
for the carrier signal which is modulated by 
voice. The four corner antennas produce two 
figure-of-eight radiation patterns. 

In Fig. 1 ,  there is shown at C the circular 
radiation pattern of the carrier channel produced 
by the center tower. One figure-of-eight radiation 
pattern is keyed with a dot-dash sequence as 
shown at A .  The other, keyed with a dash-dot 
sequence, is shown at N. 

Voice modulation of the earner channel is 
accomplished in the normal manner. However, 
the audio-frequency signal is supplied to the 
modulator through a preamplifier having a peak
limiting feature and the subsequent audio
frequency amplification is adjusted so that the 
maximum modulation is 70 percent. The power 
radiated by the side-band channel on a fre
quency 1020 cycles per second above th,at of the 
carrier channel is adjusted so that 30-percent 
modulation occurs in a receiver located on the 
course having the strongest signal. 

This division of the available 100 percent 
modulation is proportioned so that attention 
may be concentrated either on the voice or the 
range signals. However, most aircraft are pro
vided with a small filter to separate the 
voice and range signals so either may be heard 
separately without interference from the other. 

Referring again to Fig. 1 ,  the signals heard in 
several directions are indicated at the bottom. 
In the direction where there is negligible radi
ation of A signals, only N signals are heard. 
Next, an off-course signal on the N side is rep
resented. Although the tone is continuous, the 
stronger N signals are clearly identified. In the 
tone where the A signals are equal in intensity 
to the N signals, a continuous tone is heard. This 
zone is approximately 1 .5 degrees wide. It is 
customary for pilots to fly along the right edge 
of this equisignal zone where the A or N signal 
can just be discerned. 

The keying of the interlocked N and A signals 
is controlled by a motor-driven device which 
interrupts the radio range signals after 1 2  NA 
sequences and transmits the coded station 
identification letters. 

2. Equipment 

The equipment for a simultaneous radio range 
and radiotelephone station consists of two trans
mitters (one for standby) , coupling unit, five 
antenna tuning units, transmitter control unit, 
receiver, five antennas, buildings, power supply, 
and miscellaneous materials for installation. 
The principal units are shown in Fig. 2 .  

c 

N NE COURSE 

� N SIGNAL 
'----- � OFF COURSE. N SIDE 

'-------- Vhfi'tN ON COURSE 
'----------- � OFF COURSE, A SIDE 

'------------ � A SIGNAL 
Fig. I-Typical radiation pattern of a radio range. The 

asymmetry of radiation in the N sectors has shifted the 
courses from the 90-degree relations that would obtain 
with equal radiation from each of four antennas at the 
corners of a square. The center antenna produces the 
circular field pattern. 

3. Transmitter 

Each of the transmitters, one of which is 
shown in Fig. 3, has two independent crystal
controlled oscillators, two radio-frequency ampli
fiers, an audio-frequency amplifier, two rectifiers 
with filter networks for plate current, one recti
fier with filter for grid bias, control switches and 
relays, indicator lamps, meters, fan, and other 
necessary auxiliaries. 

The oscillator circuits are designed to operate 
at any frequency between 200 and 400 kilo
cycles. The oscillator circuit is not tuned to 
resonance but is designed to provide uniform 
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amplitude throughout the specified frequency 
range. The crystal for the side-band channel is 
ground for a frequency 1020 cycles higher than 
that for the carrier channel. Furthermore, these 
crystals are matched pairs having similar char
acteristics so as to maintain this frequency 
difference over a wide range of temperature. 

Fig. 2-Principal equipment for a radio range station. 
The equipments shown are, from left to right, the receiver 
unit, standby transmitter, coupling unit, operating trans
mitter, and the antenna tuning unit. 

The untuned buffer stage is followed by several 
tuned stages of radio-frequency amplification. 
The final stage of the carrier channel employs 4 
type-805 triodes in parallel. The radio-frequency 
amplifier for the side-band channel is similar to 
that for the carrier channel except that only two 
tubes are used. The input circuit for the final 
stage is neutralized. The output circuits are of 
the 7r type designed for coupling into a trans
mission line. Because of the very small frequency 
separation between the carrier and side-band 
channels, careful design is necessary to avoid 
interaction and cross modulation between the 
two radio-frequency amplifiers. 

The audio-frequency amplifier is of conven
tional design employing three stages with a pair 
of type-805 tubes operating as a class-B ampli
fier in the output stage. 

One rectifier provides direct current at 1300 
volts for the plate circuits of the power tubes. 
Separate filter networks are provided for the 
carrier and side-band channels to avoid cross 
modulation. Another rectifier provides plate 
current at 500 volts for the oscillator and low
power stages. A third rectifier provides negative 

grid bias. A thermostatically controlled electric 
heater ensures proper operating temperature 
for the mercury-vapor rectifier tubes. 

The transmitter is started and stopped by 
contactors which may be controlled by switches 
on the front panel or by relays in the transmitter 
control unit. Appropriate lights indicate the 
operating conditions. 

Controls for the necessary adjustments are 
mounted on the front panel together with dials. 
An indicating meter for the controlled circuit is 
installed in the vicinity of each control. 

The inner compartment, in which all vacuum 
tubes are located, acts as a chimney to provide 
ventilation. When the ambient temperature is 
above normal, a thermostat starts a fan to 
provide additional ventilation. 
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4. Coupling Unit 

Specially designed contactors in the coupling 
unit, shown in Fig. 4, connect either of two 
transmitters to the transmission lines to the 
antennas and their tuning units. The side-band 
energy passes through appropriate keying and 
power-dividing circuits. 

From the relay that selects the proper trans
mitter, the side-band circuit is connected through 
the moving contact of the keying relay to the 
course-squeezing resistors and the goniometer 
primary windings, which are tuned to resonance 
with capacitors. The secondary windings of the 
goniometer are connected through tuning capaci
tors to the artificial lines and thence to the 
transmission lines. 

The keying relay, which is often called the 
link-circuit relay because of its position in the 

Fig. 3-Radio transmitter. The 400-watt carrier channel 
is at the left and the 275-watt side-band channel is at the 
right. 

Fig. 4-Coupling unit through which the output power 
passes from the transmitter to the antenna tuning appara
tus. It includes keying relays, goniometer, and other 
circuits. 

circuit coupling the transmitter to the transmis
sion lines, is of special design. The relay is ad
justed so that contact is made on one side at the 
same time contact is broken on the other side. 
One of each pair of contacts is backed by a 
spring. This spring is compressed and, on 
reversal of the signal, assists in accelerating the 
armature so that a quick break is accomplished. 

The course-squeezing resistance pad is con
nected to a terminal board which has movable 
links to facilitate connection of the pad in either 
goniometer primary circuit. The pad may also 
be connected directly between the link-circuit 
relay and the goniometer to facilitate adjustment 
to the required input impedance and to give the 
proper ratio of currents in the goniometer pri
maries to produce the desired course squeezing. 
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The goniometer 6 is an adaptation of the 
device employed in the early days of radio by 
Bellini and Tosi in their receiver for direction 
finding. I t  was necessary to incorporate many 
engineering refinements and subtleties of design 
in the modern version to obtain the high degree 
of precision required by the exacting specifica
tions. The goniometer has two primary windings 

capacitive currents whose magnetic fields oppose 
the fields of similar currents in the primary 
windings. Further compensation is obtained by 
careful disposition of the leads. 

A variable air capacitor, shunted by mica 
capacitors as necessary for the assigned fre
quency, is employed for tuning each primary and 
each secondary winding to resonance. Each 

goniometer secondary 
circuit supplies en
ergy through two arti-
ficial lines and trans
mission lines to diag
onally opposite radia
tors. These artificial 
lines are designed so 
that, in effect, they 
reduce the length of 
the real line and are 
adjustable ; the re
duction caused by one 
may exceed that by 
the other. In this 
manner, the size of 
one lobe in the radia
tion pattern in Fig. 1 
may be made larger 
than that of the other 
lobe. 

Duplicate motor-
driven keying devices 

Fig. 5-Anteruia tuning unit located at the base of each tower. All necessary antenna 
adjusting circuits are included in it together with isolation equipment for the tower lights. 

are provided for con
t ro l l ing  the  l ink
circuit relays. Seg
ments may be selected 

at right angles to each other and two secondary 
windings also at right angles to each other but 
mounted so that they may be rotated within the 
primary windings. Each primary consists of two 
symrpetrical windings ; the tuning capacitors are 
inserted between the windings so that the 
reactive components are electrically balanced 
with respect to ground. This reduces the effective 
capacitive coupling, which coupling is further 
reduced and partially compensated by a shield 
of special design inside the stator winding. In
stead of connecting the wires of this shield in 
parallel to form a Faraday screen, they are con
nected in series and so arranged that they carry 

6 \V. W. Macalpine, "The Radio Range Goniometer," 
Communications, v. 23, p. 36; December, 1943. 

and mounted on a cam to form the coded iden
tification signals. This cam is rotated twice at 
intervals of about 40 seconds and sends the 
station call letters once on the A lobes and once 
on the N lobes. Keying is accomplished in the 
side-band transmitter at a low level. 

Duplicate rectifiers are included m the 
coupling unit to provide direct current for 
operation on the link circuit relays. 

5. Antenna Tuning Unit 

Power is fed from the coupling unit through 
specially designed flexible underground trans
mission lines to an antenna tuning unit at the 
base of each vertical radiator. Each unit has an 
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input circuit, an antenna circuit, and means for 
coupling them to each other. The inputcircuit is 
tuned by a variable air capacitor, shunted by 
mica capacitors, if necessary. The antenna in
ductor is tapped and has a variometer for fine 
tuning. 

The circuits may be adjusted for phase and 
amplitude stability 7· 8 by making the angle 
between the antenna current and the exciting 
voltage equal to the angular length of the trans
mission line between the source and the connec
tion to the antenna tuning unit. This adjustment 
may be made by temporarily short-circuiting 
the transmission line at the source, connecting 
the line to the primary circuit, tuning the pri
mary circuit (with antenna temporarily dis
connected) so that the resultant circuit is in 
resonance ; then adjusting the antenna circuit 
and coupling so that a nonreactive impedance 
equal to the surge impedance of the transmission 
line appears at the input terminals. 

Radio-frequency choke coils with by-pass 
capacitors are included for feeding current to the 
tower for operation of the obstruction warning 
lights. The return circuit is through the antenna 
loading coil to ground. A buried parkway cable 
brings power from an insulating transformer to 
the antenna tuning unit at each corner tower. 

All electrical components are enclosed in a 
metal house for protection. A view of the antenna 
tuning unit is shown in Fig. 5 .  

6. Control Unit 

The transmitting equipment is normally un
attended and is remotely controlled from an 
operating position at the airport. The control 
apparatus is mounted in a cabinet as shown in 
Fig. 6. 

A group of secondary relays, mounted at the 
top, provide for turning the filaments of either . 
transmitter on or off, energizing the plate cir
cuits of either transmitter, energizing the 
modulator of the transmitter in use, transmit
ting an attention signal (series of dashes of 1020-

7 F. G. Kear "Phase Synchronization in Directive 
Antenna Arrays

' 
with Particular Application to Radio 

Range Beacon," National Bureau of Standards Journal of 
Research, v. ll ,  p. 123 ; July, 1933. 

s H. Roder, "Elimination of Phase Shifts Between the 
Currents in Two Antennas," Proceedings of the I.R.E., v. 
22, pp. 374-394; March, 1934. 

cycle modulation) to warn pilots listening to the 
range of a forthcoming important voice broad
cast, start or stop the marker beacon transmitter, 
and turn on or off the tower obstruction warning 
lights. 

These secondary relays are controlled by 
primary relays, which are mounted behind the 
remote-control panel, located just below the 
blank panel at the top. The primary relays 

Fig. 6-Control unit permitting remote operation 
of the unattended transmitting station. 
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are controlled by a two-motion machine switch. 
These are of the type employed with automatic
telephone apparatus. A handset of the sound
power type is provided for communication with 
the remote station. A dial is mounted on the 
panel for local control through the remote-con
trol apparatus. 

The preamplifier for the voice circuit is 
mounted near the center of the cabinet. This has 
sufficient gain to compensate for loss in the 
transmission line. An important feature is the 
automatic peak-limiting circuit. A signal pro
portional to the output is applied to a full-wave 
rectifier whose cathodes have a positive bias such 
that only an excessive peak signal will pass 
through the rectifier and charge a capacitor. 
The change in voltage, thus produced, biases 
the grids of two variable-gain amplifier tubes 
in the first stage of the amplifier. 

A band-elimination filter is 
mounted near the center of 
the cabinet. This is designed 
to remove a narrow band of 
frequencies centered at 1020 
cycles from the voice signals 
to avoid interference with 
radio range operation. 

An adjustable line equal
izer is provided to compen
sate for greater losses at fre
quencies near 200 and 4000 
cycles. 

The panel near the bottom 
provides direct current at 48 
volts for operation of the 
remote-control switch 
and associated relays. 
Selenium rectifiers9· 10 are 
employed in connection 
with an ingenious circuit to 
maintain substantially con
stant output voltage with 
normal variations of line volt
age and load current. 

7. Receiver Unit 

The communication-type receivers are 
mounted in three adjacent cabinets, as illus
trated in Fig. 7. Each receiver may be tuned to a 
frequency in the 200-400-kilocycle band or to a 
frequency in the high-frequency band. A loud
speaker is provided for each receiver and is 
connected through a switch which permits it or 
all other loudspeakers to be silenced. 

A high-quality microphone, mounted on an 
arm that permits a wide range of positioning, is 
provided for voice broadcast and radio com
munication. 

A speech amplifier is provided for use in con
nection with the microphone. It has sufficient 
gain to raise the level to that necessary for 
operation over a normal telephone line. 

The remote-control panel includes a dial of 
the automatic-telephone type, for control of the 

9 J . E. Yarmack, "Selenium Rec
tifiers for Closely Regulated Volt
ages," Electrical Communication, v. 
20, n.  2 ;  Figs 7, 8, and 9, also text 
on pages 128 and 129 ; 1941 .  

1 0  U. S. Patent 2 ,  182,666. 
Fig. 7-Several communication-type receivers are mounted in three cabinets. 
The loudspeakers are arranged so that all but one may be silenced as required. 
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apparatus at the transmitting station, and a 
sound-powered telephone handset for intercom
munication. 

A monitor panel with a combination band
pass and band-reject filter, meter, and switches 
is included for observation of the signals from 
any radio range station in the vicinity. 

A shelf is provided for the convenience of the 
operator. 

8. Antennas 

The antennas most often used are fabricated 
steel towers approximately 135 feet tall .  They 
are insulated at the base. and operate against a 
counterpoise about 10  feet above the ground. 
The use of a counterpoise helps maintain con
stant capacitance and resistance of the antenna 
circuit. 

9. Production 

Although similar apparatus has been made by 
four other organizations within the United 
States, the number of equipments manufactured 
by Federal Telephone and Radio Corporation 
and its predecessor, Federal Telegraph Com
pany, exceeds the combined production of all 
other concerns. 
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Variable-Frequency Two-Phase Sine-Wave Generator 
By T. H. CLARK and V. F. CLIFFORD 

Federal Telecommunication Laboratories, Inc., Nutley, New Jersey 

VARIABLE-FREQUENCY two-phase 
sine-wave voltages have an important 
application to circle generation in cath

ode-ray-tube circuits. A generator capable of 
delivering any frequency between direct current 
and 60 cycles is described. The sine-wave output 
may in turn have superimposed on it any fre
quency from direct current to 400 kilocycles. 

A system of direction finding,1 which was of 
great utility during World War I I ,  indicated di
rection by means of a pattern on the screen of a 
cathode-ray tube. A simple circle, just within the 
scale markings of Fig. 1 ,  was obtained in the ab
sence of signals. The radial sweep amplitude was 
controlled by the output of a radio receiver whose 
input was derived from a goniometer rotating at 
the speed of generation of the circle. The field 
explored by the search coil changes the circle to 
sharp pointers, as shown in Fig. 1 ,  to indicate the 
direction of arrival of the radio wave. 

1 .  Rotating Magnetic Field 

One method of generating the circle is to ro
tate an electromagnet about the neck of the 
oscilloscope. The electromagnet is energized by 
the plate current of a direct-current amplifier 
operated from the second detector of the re
ceiver. This is entirely satisfactory for shore or 
shipboard equipments. However, it is difficult to 
adapt for aircraft or mobile use because of its 
bulk and weight. 

2. Rotating Electric Field 

A circle can also be generated on the screen of 
a cathode-ray tube by applying a two-phase sine
wave voltage to the deflection plates. Any suit
able generator may be used. A two-phase gen
erator or a single-phase generator with a phase-

1 Giltner Twist, "Army Radio D-F Networks," Elec
tronics, v. 17 ,  pp. 1 1 8-124; November, 1944. 

splitter for deriving the orthogonal phase may be 
employed. The disadvantage of the single-phase 
generator and phase-splitter is that the phase 
shift depends somewhat on frequency, so that 
the two phases may not always be at 90 degrees. 
Disadvantages of the two-phase generator are 
that the two phases may not be orthogonal, of 
equal amplitudes, or perfect sine waves. Filters 
to eliminate higher harmonics are usually re
quired. 

3. Resistive Generator 

A resistive sine-wave generator was success
fully produced in 1939 in Les Laboratories, Le 
Materiel Telephonique in Paris. This generator 
is shown in Fig. 2. It uses 360 separate resistors in 
groups of 4, arranged so that their resistance 
values give a sinusoidal resultant when measured 
around the circumference of the distributing or 
commutating cylinder. The commutator consists 
of copper bars affixed to the ends of a cylinder 
rotated ��on its axis and carrying the resistors. 
Such an arrangement gives perfectly satisfactory 
operation and long life. It operates at all speeds 
up to 3600 revolutions per minute and the circle 
produced on the cathode-ray tube is of excellent 

Fig. I-Indicating pointers on screen of cathode-ray 
tube show the direction of arrival of incoming waves. In 
the absence of a signal, a circular pattern is visible just 
within the scale markings. 
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Fig. 2-Resistive type of sine-wave generator produced in 1939 by Le Materiel Telephonique. 

quality. The generator is not useful at high out
put frequencies unless the resistors (which are 
wire_ wound) are noninductive. This adds to the 
cost. 

4. Linear Distributor 

The unit described in this paper is based on the 
parallel equipotential lines formed by a uniform 
flow of current in a plane resistive sheet as shown 
in Fig. 3 .  If two probes are used to explore such 
a resistive sheet, zero voltage will always be 
found between the probes when they are located 
on the same equipotential line. If the sheet is ro
tated about the central point and if the probes 
are located at the extreme ends of a line passing 
through that point, the voltage between the 
probes will vary in a sinusoidal manner. If a 
second pair of probes is arranged 90 degrees from 
the first, as shown dotted, a two-phase voltage 
can be obtained. 

The current, which flows through the resistive 
sheet to produce the equipotential lines, may be 
derived from any suitable source. The resultant 
output voltage is easily calculable from the re
sistance of the strip between the probes and the 
current flowing through the strip. A schematic 
diagram of the utilization circuit is shown in Fig. 
4, where R is the resistance of the strip, r is the 
resistance of the load between the probe points, 
and Ri is the internal resistance of the generator 
G. The voltage variation across the load resistor 

) 
Fig. 3-Linear distributor. Uniform lines1'.of!current, 

indicated by solid lines, flow across a plane resistive sheet 
from copper connecting bars. Equipotential lines, shown 
dotted, are at right angles to the current flow. Probes are 
shown as large solid dots. Relative rotation of the probes 
about the central point on the sheet will develop a sine
wave voltage between the probes. For two-phase output, 
the additional pair of probes shown dotted may be used. 

Fig. 4-Equivalent network of distributor circuit. R is 
the resistance of the strip, r is the load resistance, and R, 
is the internal resistMCe of_ the�generator _ G, 

www.americanradiohistory.com

www.americanradiohistory.com


384 E L E C T R I C A L  C O M M U N I C A T I O N  

r will be sinusoidal when r is large compared to 
the strip resistance R. This requirement is easily 
satisfied when the voltage is applied to the de
flecting plates of a cathode-ray oscilloscope, i.e. , 
when r is the deflecting-plate resistance. A sim
plified schematic of the circuits used with a 
direction finder is shown in Fig. 5 .  

1500 VOLTS 
+ 

_L 
INTERMEDIATE-FREQUENCY 

AMPLIFIER DETECTOR 

1 degree is to be produced. The maximum 
speed of rotation is 1800 revolutions per minute 
or 10.8 X 103 degrees per second. To obtain the 
definition required, it is then necessary that the 
circuit combination shall reproduce frequencies 
up to 1 1 ,000 cycles per second. 

In another application, it is desired that 0.5-�IRCLE-ROUNDING CONTROL 

��-1-����-1-'6<'" 

I � ' 

DEFLECTION AMPLIFIER 

RESISTIVE DISTRIBUTOR 

B- °":]_ 

Fig. 5-Application of resistive distributor to a direction finder. 

The source need not be direct current. It  is 
satisfactory to pass the plate current of a vacu
um-tube amplifier through the resistor strip, in 
which case the same design considerations should 
be followed as for any other type of load resist
ance. The load in the amplifier plate circuit con
sists of the resistor strip R and the load resistance 
r. The associated capacitances and inductances 
must be considered at high frequencies. 

An idea of the circuit design considerations 
may be obtained from the following application 
examples. An azimuthal indication accurate to 

microsecond square waves be visible on the cath
ode-ray-tube screen as a radial inward deflection 
from the circle. For this application, circuit com
pensation means were employed similar to those 
in common use in television practice. In the final 
design, using only the most simple compensation, 
the deflection amplitude at a frequency of 400 
kilocycles was 0.5 of maximum, which was ob
tained at low audio frequencies. The response was 
quite flat to the highest frequency. If peaking 
coils are used, the response can be made better 
than 0. 7 of maximum at 400 kilocycles. 
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4. 1 DrsTRIBUTOR As A CONSTANT-VOLTAGE Two
PHASE SOURCE 

If the rotating resistor strip is energized from 
a constant direct-current source and the output 
from the brushes goes to the deflecting plates of 
a cathode-ray tube, a circle of constant diameter 
wiII appear on the screen. If, instead, the outputs 
of the two phases are applied to direct-current 
amplifiers, a higher frequency can be superposed 
on the very-low-frequency two-phase voltages. 
This method is useful when the two-phase volt
age required is greater than can be accommodated 
safely across the distributor. 

The highest frequency that can be superposed 
on a basic wave depends entirely on the charac
teristics of the direct-current amplifiers and su
perposition circuits. Circles have been generated 
at 150 revolutions per minute and deflected in
wardly to zero with 0.5-microsecond square
wave pulses of 5 volts amplitude. The deflecting 
plates required 1000 volts, peak to peak, at 2 .5  
cycles with two phases to maintain the circle. The 
circuit2 is shown in Fig. 6. It is, of course , very 
important in applications of this type to main
tain a strict balance between the two amplifiers, 
which must be effective both at direct current 
and at 3 megacycles. 

The pulses are applied simultaneously to the 
grids of the tubes that perform the superposition. 
There is one push-pull amplifier for each pair of 
deflecting plates. 6SK7 tubes are employed for 

2 Developed by:M. Dishal of Federal Telecommunication 
Laboratories. 

SECOND 
DETECTOR 

superposition because their remote-cutoff charac
teristic allows square-law modulation to be used: 
The output of each superposition stage consists 
of one phase of the 2.5-cycle voltage on which is 
superposed the pulse output of the receiver. 

+ 

VERTICAL 

Fig. 7-Horizontal and vertical positioning controls for 
centering the circular sweep on the cathode-ray-tube 
screen. 

The peak-to-peak voltage of this superposed 
wave is approximately 150 volts with respect to 
ground. With this high voltage applied directly 
to the 6SN7 grids, it is necessary to use a type 
9003 pentode as cathode bias resistor. This has 
the effect of allowing the cathode voltage to follow 
exactly the large parallel voltages resulting from 
the superposition process. 

Fig. 6-The voltage from the distributor is amplified and applied �o �he defiecting plates _of the cathode-ray tube. 
A similar amplifier operates on the quadrature phase from the other distnbutor probes, supplying voltage to the second 
pair of defiecting plates and producing a circular sweep. A 5-volt square-wave signal applied to both amplifi�rs from 
the second detector of a receiver will reduce the radial defiection to zero. The 9003 is used as a cathode bias resistor for 
the 6SN7. 
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4.2 MEANS FOR CENTERING THE IMAGE 

The circle ,  which is generated on the screen of 
the cathode-ray tube, will be centered only if the 
gun structure of the tube is centered and if there 
are no interfering magnetic fields, including that 
of the earth. These are long-term conditions, and 
it has been found satisfactory to compensate for 
them by the application of a magnetic field of 
controllable magnitude and direction. A suitable 
circuit is shown in Fig. 7. Adjustment may be 
made either by centering the position of the cir
cular trace with regard to a calibration scale or 
by adjusting the spot to the center of the screen 
or scale when the radial deflection is zero. 

A two-phase generator has been designed hav
ing only four brushes instead of the six that are 
required when two balanced phases are desired. 
The circuit shown in Fig. 8 has been found satis
factory for centering with cathode-ray tubes in 
which two deflecting plates are connected to the 
second anode within the tube. The circle pro
duced can be centered along one diagonal of de
flection by the voltage divider shown. The sup
plementary electromagnetic method described 
above is used to center it along the other diag
onal. 

5. Development of Distributor 
When the idea of a l inear resistance strip was 

proposed, various means were considered for pro
ducing a device having long life and reliable char
acteristics. One proposal was to use a rectangular 
block of carbon or other resistive material and to 
electroplate onto it a metal that could be used as 
a contact and commutating surface. Copper was 
chosen as the plating metal . The entire device 
was then machined to produce regular discon
tinuities in the metallic surface to act as com
mutating segments. This scheme was unsuccess
ful because the metallic plating would adhere 
only by virtue of its continuity. When this con
tinuity was interrupted the metal peeled away 
from the carbon block. 

If an extremely hard resistive surface were 
available, it was thought that the surface could 
be used directly for contact with the brushes. A 
suitable material was produced by the Inter
national Resistance Company in the form of a 
thin carbon film on a bakelite strip. Conductive 

bars could be plated or otherwise affixed to the 
terminal ends of the strip. This device was tried 
with various brushes. It was found that carbon 
brushes would deposit material on the face of the 
strip, producing a circle of low resistance and 

DEFLECTION 
AMPLIFIER 

B+ 

Fig. 8-Centering method used with simplified two
phase generator and tubes having two deflecting plates 
connected together internally. 

distorting the resultant sweep on the cathode-ray 
tube. Small metallic brushes consisting of 0.002-
inch-diameter tungsten wires were next tried . 
The resistive material proved so abrasive that 
the life of such brushes was a matter of hours. 

Using either of the above resistive materials, 
it would be possible to wind a conducting wire 
around the entire block with the windings paral
lel to the desired equipotential planes. By cutting 
through each turn on the back of the strip ,  the 
resistance between the terminal ends is deter
mined by the resistance of the material between 
the conducting wires, which serve onl y  as com
mutating segments. Such a distributor was found 
to be satisfactory, provided the winding could be 
kept tight. Various clamping means were used, 
but fabrication was difficult and this design was 
abondoned. 

Another form of the above design consists of 
winding a resistive wire on an insulating block. 
It is then unnecessary to cut the conductors be
cause the resistance is determined by the length 
of the wire. The resistance between any two 
points on the same turn will be very small com
pared with the resistance between the ends of the 
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wire. Using 0.001-inch-diameter Nichrome wire, 
it was possible to wind a resistor card havil'lg ade
quate resistance for use as a vacuum-tube load. 
However, bare wire shorts very easily between 
turns. If insulated wire is used, it is necessary to 
remove the insulation over the path of the 
brushes. At the point where the wires are tan
gential to the circular path of the brushes, the 
wires are bare for a considerable distance and 
tend to short between turns. In addition, the 
brush material deposits between turns of the 
wire, reducing the resistance, and thereby caus
ing distortion of the circular sweep. 

To avoid these difficulties, the wires were cov
ered after winding with a plastic insulating ma
terial, which would polymerize on baking. This 
insulating material was removed to permit brush 
contact with the conductors. Winding the re
sistance wire in one plane so that the insulation 
could be removed without disturbing the position 
or reducing the diameter of the wire posed a 
problem that was too difficult of solution and 
this method was abandoned. 

The Fonnica Company supplied a laminated 
material made up of alternate layers of phenolic 
compound and thin copper sheet. A block of such 
material could be cut to form a commutating de
vice with resistive material applied to one surface 
and the brushes in contact with the opposite side. 
Two difficulties presented themselves. First, 
brushes suitable for use with the copper segments 
were sufficiently abrasive to pick up the phenolic 
material , which adhered to them and eventually 
insulated the brnsh from the commutating seg
ments. Second, the bond between the phenolic 

material and the copper was not sufficiently good 
to allow the production of a mechanically rigid 
block without additional supports. The material 
tested was in experimental production only ; if 
perfected, it may be useful for these distributing 
devices. 

6. Final Model 

A built-up commutator was designed which 
eventually proved to be successful. Fig. 9 shows 
the final model and the commutator assembly is 
shown in Fig. 10. 

The commutator segments are punched from 
both conducting and insulating strips which are 
interleaved. The end bars and mounting rods are 
insulated from the commutator, insulating tub
ing being used over the mounting rods. 

The whole assembly of laminations and two 
end bars is compressed between locking nuts on 
the ends of the mounting rods. This assembly is 
then installed in a jig and ground in a surface 
grinder so that the face to be in contact with the 
resistive material is plane and smooth. The resist
ive material is applied to a card which is placed 
in intimate contact with the conductive seg
ments. The commutating assembly is then 
mounted on a base plate so as to compress a re
silient backing pad and the resistive material be
tween the base plate and the commutator. This 
assembly is then tested for contact and linearity 
of resistance with distance along the commu
tator. 

The entire rotating assembly with the commu
tator in place is then installed in a jig and the 

commutator face is ground 
plane and smooth in the sur
face grinder. This is necessary 
because the pressure exerted 
by the resilient backing pad 
causes the commutator as
sembly to bow slightly. If 
this surface is not plane, the 
brushes will bounce in their 
holders. If the surface is not 
smooth, the brushes will wear 
and deposit brush material on 
the insulating segments of 
the commutator. 

Fig. [9--Final design of commutator-type- distributor. The two brushes on the 
commutator unit make contact with the slip rings on the brush-carrying as
sembly and provide a path for the input operating current. 

In most cases, the base 
plate is installed directly on · 
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the motor shaft. Motors have been procured 
having end bells machined for accurately posi
tioning the brush holders with respect to the 
commutating surface. The rotating plate carries 
two brushes for supplying the current through the 
resistance strip. These brushes ride on concentric 
slip rings. This arrangement makes all the 
brushes contact their slip rings or commutators in 
the same plane and considerably simplifies the 
assembly procedure . The mounting means is in
dicated in the figures. The tandem assembly of a 
resistive distributor, motor, and goniometer is 
shown in Fig. 1 1 .  

6 . 1  DESIGN FACTORS 

6.1 .1  Vibration 

It is necessary that the vibration of the entire 
assembly and its component parts be kept very 
small .  This requires the surface of the commu
tator to be at right angles to the axis of the shaft 
within very close limits. In addition, each ro
tating assembly is dynamically balanced as a 
final constructional procedure. 

6.1 .2 Materials 
The slip ring, brush, and commutator mater

ials are chosen for low frictional resistance, low 
electrical resistance, long life, and reliability 
during life. This latter point has been one of the 
most difficult to achieve. A material, which gave 
good initial operation, often was found to be de
fective after a relatively short period of operation. 

The problems of slip rings, brushes, and com
mutators have been so omnipresent during the 
entire history of the electrical age that one would 
think it should have been completely solved. 
However, one brush manufacturer stated that 
over 1800 different types of brushes were manu
factured by his organization. The choice of the 
proper material seemed largely a "cut-and-try" 
proposition. Consequently, the problem received 
serious attention. 

Commutator segments were made from the fol
lowing materials : pure copper, phosphor bronze, 
beryllium copper, stainless steel ,  Mone! metal, 
Nichrome, pure silver, coin silver, brass, bronze, 
and aluminum. Brushes in combination with each 
of the above materials have been tested as fol
lows : graphite (20 different types) , copper graph-

Fig. IO-Commutator assembly. Conducting and insulating laminations alternate. A resistive material makes 
contact with the conducting sheets on one side while the brushes bear on the other side, 
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ite, Paliny Number 7, silver graphite, Graphalloy, 
copper, brass, and Oilite. Insulating materials 
included : mica, polystyrene, Bakelite, acetate 
tape, and paper. Many of the above combina
tions gave devices that would operate more than 

particular spring that it has become natural to 
speak of the assembly as a "brush." 

The spring materials tested included : phosphor 
bronze, music wire, spring brass, stainless steel , 
and beryllium copper. Beryllium copper was 

Fig. 1 1-Assembly of resistive distributor, motor, and goniometer. 

1000 hours at 1800 revolutions per minute. The 
quality of operation was not altogether inde
pendent of life and many combinations having 
long life gave trouble until the brushes had 
"worn in" or they requfred cleaning at frequent 
intervals. 

The combination eventually chosen consists 
of a commutator made of alternate layers of coin 
silver and acetate tape, each 0.005-inch thick. 
The slip rings are laminated copper and coin 
silver, silver being the contact surface. The 
brushes are of grade 4 1 1  Silver Graphalloy. With 
this construction, a number of distributors have 
operated for more than 1000 hours each with
out initial difficulties, cleaning, or any mainten
ance whatsoever. The life of brushes and com
mutator would appear to be very long. 

6.1 .3 Springs 

Each brush type requires a specially designed 
spring. Indeed a brush is so closely allied with a 

found to possess the most desirable spring char
acteristics. Correct pressure was determined in 
each case experimentally. Sufficient pressure to 
insure contact and yet light enough to prevent 
abrasion or carbon deposition was the goal. 

When the commutator had been made plane 
so that the brushes did not bounce, and when 
proper brush and commutator materials had been 
found, it was relatively easy to find a beryllium
copper coil spring that gave excellent results. 
The springs used with the slip-ring brushes pre
sented no particular problem. 

7. Conclusion 

The resistive distributor produced has a 
variety of uses. It can be used simply as a two
phase alternator of variable frequency. It can be 
mechanically synchronized with any rotating 
shaft. This is particularly valuable where ex
tremely low frequencies are desired, where con
stant amplitude is required at variable low 
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frequencies, or where higher-order components or 
frequencies must be superposed on a basic wave. 

It is possible to increase the number of phases 
simply by changing the machining of the casting 
that carries the brush holders or probes. 

In practical use, the voltage across the strip 
is limited to 300 volts and no applications have 
been envisioned where the dissipation in the 
strip exceeds 5 watts. The resistance of the strip 
may be varied simply by changing the value of 
the resistance card. The lowest resistance that 
has been used is 1000 ohms and the highest, 
500,000 ohms. The resistance of the load is de-

pendent on the resistance of the strip and the pu
rity of the wave form desired. There is always a 
certain amount of commutator ripple, which may 
be removed by filtering. In most cases, where the 
voltages are applied to generate a circle in a 
cathode-ray tube, the ripple is not objectionable. 

The device is particularly useful for the gen
eration of two-phase voltages between zero and 
20 cycles where, it seems, no other variable-fre
quency generators of constant output are avail
able. It is also very useful where a distributor of 
this type is required to have long life at high ro
tational speeds. 

Passenger Telegram Service From Aircraft 

Marking a milestone in the history of U. S. A. 
civil aviation, the Marine Division of Mackay 
Radio and Telegraph Company, in conjunction 
with American Overseas Airlines, has inaugu
rated a new communication service whereby 
plane passengers may send messages via radio
telegraph from aircraft in flight to any point in 
the world as well as to ships at sea. 

For the present, handling of messages will be 
confined to transmission from air-to-ground only, 
with radio communications essential to the air-

craft in flight taking priority. Two-way service 
with American Overseas Airlines is expected to 
be available in the near future. All messages are 
now cleared through the Amagansett, Long 
Island, station of Mackay, which operates on a 
24-hour schedule. 

As American Overseas planes are staffed with 
two radio officers, no additional personnel will 
be required. The standard marine rate applies 
to these messages. 
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Dimensional Analysis Applied to Very-High-Frequency 
Triodes * 

By GERARD LEHMANN 

Laboratoire Central de Tflecommum:cations, Paris, France 

D IMENSIONAL analysis and the laws of 
similitude are of great service in the 
study of vacuum tubes. The principle 

of the method is briefly set forth. It is shown that 
the operation of similar tubes depends only on a 
single parameter ip = fd/ Vi, in which f is the fre
quency, d a linear dimension of the tube, and V 
one voltage of the system. The efficiency, gain, 
Q factor under load, and other dimensionless 
parameters related to the operation of the tube, 
can be expressed as functions of ip alone, ip being 
proportional to the transit angle of the electrons. 
It is shown, further, that for tubes having the 
same types of cathodes, the products j3d and 
f4 V must remain constant if unvarying efficiency 
is desired. 

Recent improvements in the theory and con
struction of triodes have extended their utiliza
tion by two frequency octaves. A simplified 
analysis of the motions of electrons in a triode 
operating class B shows that the properties of a 
tube at low frequencies are maintained without 
any substantial deterioration up to values of ip 
close to 2 .5 ,  with <p = fd/ v�. f being the frequency 
in megacycles per second, d the cathode-anode 
distance in centimeters , and V the anode voltage. 
For ip = 8, the gain falls to unity and oscillation 
efficiency becomes very low. For ip = 2 .5 ,  the Q 
under load of the output circuit is approximately 
18. These results have been checked by experi
ments. 

A few aspects of the theory of vacuum tubes 
used as very-high-frequency power generators 
will be contrasted with receiving amplifier tubes, 
which are not discussed. This problem raises 
many difficulties if a rigorous and complete solu
tion is attempted, as the analysis must include 
the energy exchanges between circuits and elec
trons moving in electric fields, which vary rapidly 
over large amplitudes, and in the presence of 
space charges that are not negligible. 

* Reprinted from L'Onde Electrique, v. 26, pp. 1 75-187;  
May, 1946. 

Dimensional am;1.lysis has been of great service 
in numerous technical fields for the study of 
phenomena not susceptible to complete analysis ; 
it allows generalization of results of limited ex
periments and associates known theory with real
izable experience. In the case of vacuum tubes, it 
provides knowledge useful not only to the de
signer of tubes , but also to those utilizing existing 
tubes. 

1 .  Application of Dimensional Analysis 

1 . 1  REVIEW OF PRINCIPLES 

Satisfactory tubes and circuits exist for fre
quencies up to approximately 100 megacycles per 
second. Up to these frequencies, powers up to 
100 kilowatts may be generated with efficiencies 
over 60 percent. A fruitful method of extending 
the frequency range consists in studying what 
happens with such tubes and circuits when they 
are used at higher and higher frequencies. 

Such a study, called " dimensional analysis" or 
" mechanical similitude,"  has been used fre
quently and fruitfully in engineering. It has pro
duced important results in hydraulics and aero
dynamics, in developing theories of turbines and 
blowers, and in studies of ships and aircraft. 

A brief outline follows of the main principle of 
the method ; the reader may consult several 
treatisesl-3 for more complete information. 

Any kind of apparatus is based on the applica
tion of a certain number of physical laws, each 
of which may be expressed as a mathematical 
relationship (generally differential) between a 
certain number of physical quantities. 

One of these relationships is 

j(G1, G2, . . . .  ) = 0. (1) 

The G's are physical quantities, each differing 
from the others. 

1 Villat, "Mecanique des Fluides," Gauthier-Villars, 
Paris, 1938. 

2 Monteil, "Ventilateurs, Souffiantes et Compresseurs 
centrifuges,"  Dunod, Paris, 1937. 

3 Riabouchinsky, "Sur Quelques Theoremes d'Analyse 
Dimensionnelle," Comptes rendus Hebdomadaires des Seances 
de l'Academie des Sciences, v. 2 17,  pp. 205-208 : August 23 
1 94.'>. 
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A physical law being a truth independent of 
the measurement system adopted to express the 
quantities involved, the mathematical character 
of function f is necessarily such that ( 1 )  is satis
fied regardless of the system of units adopted ; 
this is the principle of homogeneity. 

The fundamental laws of mechanics show 
that, within the scope of this branch of science, 
we are free to choose arbitrarily units for measur
ing three quantities, the units for the measure
ment of any other quantity being then defined 
as functions of these three by the equations of 
mechanics. 

The study of electricity introduces a fourth 
arbitrary quantity. 

The quantities for which the units are arbi
trarily chosen are called fundamental quantities, 
and any other unit is related to the fundamental 
units by a " dimensional equation,"  which is the 
basic equation defining the new quantity. 

For example, if I L i , I M I ,  and I T ! are the 
fundamental quantities in mechanics, the dimen
sional equation for a force is 

I F  I = I Ml x I L  I x I r-2 1 
from 

F = m'Y 
and 

The choice of the fundamental quantities is 
entirely free so long as their number is observed. 
We shall use this property for writing dimen
sional equations with various fundamental quan
tities selected so as to simplify later reasonings 
and discussions. Thus, it is permissible to change 
the system of units without changing the mean
ing of an equation such as ( 1 ) .  For example, ( 1 )  
may be stated as the relationship between factors 
P1, P2, Pa, . . . .  

(2) 

Each of the factors P is of the form 

P = Gf1 xGt2 xGt'+ . . . . 

Then if the dimension of P is expressed by means 
of dimensional equations relating G to the funda
mental quantities A ,  B,  C, and D, 

P =A"' X BP X C-r XD0, 

and of necessity 

a = f3 = 'Y = o = 0. 

In other words, any physical property can be 
expressed by means of a function cp of parameters 
P. The P parameters are dimensionless numbers, 
whose numerical values are unaffected by a 
,change in the system of units. This theorem ex
presses only the coherence of the reasoning of 
theoretical physics and has, consequently, a great 
value of synthesis. One more step only has to be 
taken to apply it to the theory of similar systems. 

Consider a physical system for which certain 
properties are defined by equations relating di
mensionless numbers : 

Consider a second system whose corresponding 
dimensionless numbers are 

P� , Pf , . . . .  , P�. 
If 

the two systems are said to be similar with re
spect to the properties studied and all the corre
sponding equations are identical in pairs. 

Any number such as Q = f(P1, P2, . . . .  , Pn) has 
the same value in two similar systems. If Q is a 
number that cannot be found theoretically, but 
can be obtained experimently, the value of phys
ical similarity is that a single experiment giving 
Q for one system also gives a knowledge of Q for 
the infinity of all similar systems. This method 
has considerable value either when direct experi
ment is impracticable as in the study of ships' 
hulls or in obtaining information of a general 
nature from a single experiment as in the case of 
turbines. 

The method of similitude is powerful and in 
the theoretical field leads to very elegant proofs. 
However, any good geometrician knows that 
elegance is of value only in expert hands and 
wrong steps are all the easier as the reasoning is 
increasingly abridged. It should always be care
fully ascertained that the use of similitude is 
justified for a particular study. It must be re
membered that often physical properties exist 
that will not be included in the scope of systems 
that are similar in other respects. By way of 
example, consider two resonant cavities of similar 
geometry. Let K = I L2 I /  I Li I be the ratio of 
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similitude of the dimensions. What is the ratio 
of the resonant frequencies? 

The electrical resonance of a cavity is a phe
nomenon determined by wave propagation and, 
in particular, by wave velocity C. Now the 
velocity C is constant for all cavities ; giving the 
relationship 

Thus 

v = :;: = constant. 

or 1 
l f l =- ·  

I T I 
This gives the well-known relationship between 
resonant frequency and geometrical dimensions. 

f2 I L1 I 1 
Ti = 

I L2 I 
= K ' 

The voltage magnification factor Q, being a 
dimensionless number, might be considered to be 
the same for all cavities. This is not the case, 
even assuming all the cavities to be of the same 
metal, copper, for instance. In such a case, the 
metal constituting the walls of all cavities has 
the same resistivity but this experimental condi
tion is outside the scope of our hypotheses on the 
similitude of cavities. 

A study of this problem shows that Q is pro
portional to ;\). 

Despite the very real difficulties of this kind 
and the necessity for careful thinking, the method 
of similitude has shown itself very fruitful in 
the investigation of ultra-high-frequency power 
tubes, a theoretical analysis of which has not yet 
been made and which involve rather delicate 
experimental technics. 

1 . 2  FUNDAMENTAL HYPOTHESES 

The essential elements in one of the systems to 
be discussed are the cathode, empty space for 
the motion of electrons, and associated resonant 
cavities. 

For a first simplified study, the following hy
potheses and assumptions are made concerning 
these elements. 

1 .2 .1  Cathode 

The cathode consists of a metal surface whose 
chemical nature and temperature are such that 
the electron fl.ow leaving it is limited by space 
charge. This condition is fulfilled for all current 

densities A between zero and a fixed value called 
" maximum cathode emission. "  This maximum 
emission A ,  in amperes per square centimeter, is 
a characteristic of the type of cathode. 

It is essential for the validity of the following 
calculations to assume that in no other point of 
the tube there exists an emissive surface obeying 
another law than space-charge limitation. This 
implies that no point of the cathode is saturated, 
and that there is no secondary emission at the 
points of impact of the primary electrons on an 
electrode. 

1.2.2 Resonant Cavities 
The resonant cavities are assumed to be made 

of copper. They thus have the properties dis
cussed as examples in Section 1 . 1 .  The fact that 
these cavities are made of copper introduces con
ditions of primary importance relative to resistive 
losses. 

This prevents the inclusion of oscillating cavi
ties in a similitude system used for analysing 
electron ballistics in the tube. Accordingly, sepa
rate consideration must always be given to : 

A. Oscillating cavities, as being the seats of electric cur
rents and resistive losses, and 

B. Empty space, which shall be called "tube," in which 
electrons move between electrodes made of a perfectly 
conducting material. 

Only resistive losses appear in the cavities, and 
only losses by electron bombardment appear in 
the tube. This distinguishes between " tubes" and 
" circuits" for theoretical purposes. 

This distinction can always be made, though 
in practice it constantly happens that a single 
surface element often belongs both to the tube 
and to the circuit. Nevertheless, this distinction 
is useful for understanding phenomena, for effect
ing calculations, and for separating losses. 

" Between tubes and oscillating cavities, re
lationships exist that are included under the 
title " coupling of electron beam with resonant 
cavities." 

1.2.3 Empty Space in Which Electrons Move 
(Tube) 

The electrons move freely in empty space 
within the tube under the action of existing fields. 
Their trajectories are from the cathode to a final 
electrode, called the anode from which there must 
be no secondary emission. 
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For the purposes of calculation, the following 
. assumptions are made : 

A. The effect of magnetic fields on the motion of elec
trons is negligible. This, for the time being, rules out the 
case of the magnetron. Similarly, the effect of the magnetic 
fields generated by the motion of the electrons themselves 
i's neglected. These effects are small, numerically, and have 
been neglected also in the articles of Llewellyn and Brillouin. 

B. The dimensions of the tube are sufficiently small with 
respect to wavelength to neglect the propagation time of 
the fields. In other words, the calculated potentials gener
ated by the charges are assumed to differ negligibly from 
the actual retarded potentials. 

C. The potential differences involved are large enough 
so that the effects of the initial velocities of the electrons 
are negligible. This assumes that the potentials used are, 
in general, larger than 10 volts. 

D. The potential differences involved are small enough 
to make unnecessary a correction for relativity. This means 
that the electron potentials must not exceed 50,000 to 
100,000 volts. 

1 .3 SIMILITUDE EQUATIONS FOR VACUUM TUBES 

Two vacuum tubes may be considered to be 
similar and to oscillate in similar conditions when : 

A. Geometries of the two tubes are similar, 

B. Laws of variation of the currents and voltages with 
time are the same, the period being taken as a unit of 
time, and 

C. At corresponding instants of the cycle, the distribu
tion patterns of the potentials inside the tube are similar. 

Under such conditions, it is necessary only to 
write the homogeneous equations governing the 
tube operation to obtain very valuable informa
tion. There are three such equations. 
Poisson's equation : 

i:l v = 47rp. 

Equation for the motion of an electron m an 
electric field : 

m""f = eB. 

Limiting condition at the surface of the cathode: 

&� o. 

The fact that the electric field cannot be posi
tive at the cathode surface expresses the hy
pothesis that the current emitted is limited by 
the space charge. This condition is independent 
of frequency. 

The dimensionless products P of these equa
tions, relative to various systems of fundamental 

quant1t1es, may then be formed. The theory of 
similitude states that for similar tubes, operating 
under similar oscillation conditions, these num
bers P and any dimensionless number are the 
same. 

1.3.1 Choice of Fundamental Quantities 

We shall choose as fundamental quantities 
those whose values are maintained constant by 
the very nature of the problem or whose varia
tions can be fixed by the conditions of our study. 

The first class involves the ratio e/m. In all 
vacuum tubes, only one kind of electrons move, 
and these have a constant ratio e/m. In all sys
tems of fundamental quantities, we shall always 
choose I e/m I ,  which is a simple numerical con
stant, as a first quantity. This reduces to three 
the number of fundamental quantities whose 
units can be changed. 

Current density I A I has a maximum value im
posed by the physiochemical constitution of the 
cathode, and can thus be introduced in a simple 
manner. 

The quantities whose value we are free to 
choose are : 

I L I , defining the dimensions of the tube, we 
shall designate by d to avoid any confusion with 
inductance ; 

I f  I = 1 /  I T l , defining the frequency of oscilla
tion ; the main parameter in our study ; 

/ V I  , defining the scale of potentials inside the 
tube. With e/m and f common, there remain 
three fundamental systems : 

e 
f d v m ' 

e 
f d A ,  (3) m 

e 
f A v. m 

1 .3.2 Poisson's Equation 

In a vacuum where the electrons move, this 
equation is written 

This equation, which defines the relationship be-
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tween potentials and charges in the tube, can be 
written in dimensional notation as 

(4) 

Q being the first dimensionless product. The re
lationship between the charge density per unit 
volume and the current density per unit area is 

or, in dimensional notation, 

A = p X d Xf. 
Besides, il V = V · d-2 ; hence, substituting in Pois
son's relationship, (4) is obtained. 

It is useful to note that product Q is precisely 
the Q factor under load of the output cavity of 
the tube. A is proportional to the convection cur
rent of the electrons and, therefore , to the active 
current through this cavity. VJ/d is the current 
density through a capacitor, having a dielectric 
thickness d, under the action of a potential differ
ence V at frequency j. But Q under load is the 
ratio of the reactive to the active current in the 
oscillating circuit. 

Thus, any variation of Q in the operating con
ditions of a tube is accompanied by a propor
tional variation of Q factor under load , of the 
output cavity. 

1.3.3 Equation of Motion 

m;y = eS. 

The equation of motion can be written immedi
ately in dimensional notation as 

<P = "!!:. fd2 . 
e V (5) 

V or d must be eliminated between (4) and (5) 
to obtain the dimensionless products correspond
ing to the systems of fundamental quantities in 
(3) .  Rewriting them according to (5) ,  the follow
ing three relationships are obtained : 

m fd2 
<P = - -

e V '  

A.Q = "!!:. f3d 
'I' e A ' 

(5) 

(6) 

(7) 

Finally, it is interesting to eliminate f between 
(4) and (5) so as to obtain a relationship giving 
the current density A independently of frequency. 
This relationship, which is independent of fre
quency, expresses the limiting conditions at the 
cathode surface. 

Q2 e V3 l - --<P m A2d4 
or (8) 

Q - ( e r V! I <P� - m Ad2
·
J 

This is the Child-Langmuir relationship in its 
most general form and we may note that Lang
muir4 established it by means of dimensional 
analysis as early as 1913.  

Relationships (5) , (6) , (7) , and (8) contain 
considerable information, which we shall now try 
to express in a less subtle form. 

We note, first, that e/m being an absolute con
stant, there are four parameters for describing 
the operating conditions of a tube : f, d, V, and A .  
Among these parameters there are three relation
ships : Poisson's equation (4) , equation of mo
tion (5) ,  and, finally, the condition : .S = O  at the 
cathode surface, expressing the hypothesis that 
the emission is always limited by space charge. 

Consequently, the problem depends on only 
one independent variable. This first piece of in
formation simplifies considerably the study of a 
family of similar tubes. We have become accus
tomed in numerical applications to the use of 
the variable 

\O = (�<Pr. 
f d 

\O = 
V! ' 

f being the frequency in megacycles, d a dimen
sion of the tube (the cathode-anode distance in a 
triode, for instance) expressed in centimeters, and 
V a  voltage, such as the plate voltage, expressed 
in volts. The importance of this variable was 
pointed out in 1940 by Mr. Moisson at Les 
Laboratoires, Le Materiel Telephonique, in Paris. 
In practical applications, \0 varies between zero 
and a few units. It is easily determined that \0 
is proportional to the " transit angle" often used 

4 Langmuir, "The Effect of Space Charge and Residual 
Gas on Thermionic Current in High Vacuum," Physirnl 
Review, Series 2, v. 1 1, p. 450; December, 1913, 
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in the literature on this subject, though its exact 
definition is generally somewhat vague. 

From the above considerations, the following 
results have been obtained in a family of tubes, 
geometrically similar, when the electrical oscillat
ing conditions are similar : 

A. The dimensionless products </>, Q, and their combina
tions have the same numerical values for all tubes of the 
family and for all operating conditions. 

B. Any other dimensionless number expressing a prop
erty of the circuit within the scope of the hypotheses of 
similitude also has the same numerical value for all the 
tubes considered ; such is the case, particularly, for the 
tube efficiency 'T/ and for the power-amplification factor G. 

In other words, the Q factor under load, T/, 
and G are single-valued functions of parameter <P· 
The same thing holds for ¢Q and ¢Q2• 

It is only necessary, therefore, experimentally 
or theoretically, to establish the relationships 

and 

Q = l1(<P) , 

71 =  f2(<P) , 

G = ls(<P) 

to be able to predict the values of these functions 
for any tube of the family at any voltage or 
frequency. 

As already stated this increases considerably 
the extent of information acquired by a given 
experiment. Some practical applications of this 
theorem will be given to confirm the theory 
completely. 

A consideration of the products ¢Q and ¢Q2 
adds some useful information. For a constant 
value of <P, therefore of the efficiency 71, the 
products 

m j3d 
¢Q =- - and 

e A 

are unchanged numerically. 

¢Q2 =
m 14 V 
e A 2  

I f  we assume all the tubes of the family have 
the same type of cathode, the value of maximum 
emission A is constant. Thus, to keep the effi
ciency constant, j3d and 14 V must be kept 
constant. 

This proves two propositions of majer impor
tance in the theory of tubes for very high fre
quencies. If it is desired to build similar tubes for 
operation at higher and higher frequencies 1 with 
a constant efficiency 71, and if all the tubes have 
the same type of cathodes, 

A. All the linear dimensions of the tubes must be reduced 
proportionally to 1/j3. 

B. All the voltages applied to the t,ubes must be reduced 
proportionally to 1/j4. 

These two theorems have particularly unfortu
nate consequences and indicate the difficulty of 
designing tubes for high frequencies. When a 
tube design approaches its limit of utilization, 
even a reduction to microscopic dimensions al
iows only small increases in frequency. Further, 
the power that can be generated vanishes abruptly 
in the neighborhood of the limiting frequency of 
the family because the linear dimensions vary as 
1-3 and the voltages as 1-4, 

Because the areas of the tube decrease rapidly 
with linear dimensions, the power decreases be
tween 1-4 and 1-10• A complete expression of the 
factors ¢Q, ¢Q2 also shows that a gain may be 
obtained for operation at extreme frequencies by 
an increase in cathode emission A .  Improve
ment of cathodes is, consequently, an important 
means of extending the field of use of any type 
of tube except magnetrons at high frequencies. 

Relationships (6) and (7) play an important 
part in the study of ultra-high-frequency tubes, 
and their complete meaning must be well under
stood to avoid experimental efforts whose useless
ness can be foreseen. 

1.4 Q FACTOR, CIRCUIT LOSSES 
In the above discussion, the tube alone has 

been considered, in contrast to the circuits. The 
resistive losses in the copper circuits must not be 
included in the scope of the laws of similitude 
used for the tube. Thus the term ' '  tube efficiency' '  
previously used must be  understood as being the 
ratio of the power delivered by the tube to the 
circuit to the power delivered by the direct-cur
rent source. The only losses reducing efficiency 
are the losses by bombardment resulting from 
the residual velocity of the electrons at the time 
of their final impact. Resistive losses in the cir
cuits have not yet been considered. 

Obviously, these resistive losses are very im
portant because, in general , we are interested not 
in the power delivered by the tube to the circuit, 
but in the power delivered by the circuit to the 
external load. 

Here, again, dimensional analysis and (8) can 
give some information on the subject. Rewrite 
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(8) in the form 

(9) 

The above discussion showed that Q/ "'
' a di

mensionless number, is a. function of 'P alone. It 
may also be shown that Q/ 'P is a constant, inde
pendent of 'P for any value of 'P between zero and 
a certain limit. When proving Langmuir's law for 
direct currents, i.e. , for f = 0, we find that 

has a finite value, which is Langmuir's constant. 
If the tube is oscillating at a frequency f, suffi

ciently low so that at any instant in the cycle the 
relationship between the instantaneous values of 
A and V are the same as for direct current, Q/ 'P 
has the same numerical value as for f = 0. Such 
is the case so long as the transit angles are small 
and there is no appreciable difference between 
the actual velocity of the electrons, expressed in 
volts, and the value of their potential. When the 
frequency increases enough for the potentials to 
undergo important changes during the transit 
time of the electrons, the convection currents A 
have a tendency to decrease below the value 
calculated for the steady state, and Q/ 'P increases. 
The relationship between Q and 'P is thus repre
sented by a curve of the shape shown in Fig. 1 .  

Q 

if' 

Fig. 1-Q the voltage magnification factor of a 
loaded circuit is plotted against if'· 

The result is that the Q under load of the out
put cavity of the tube increases more rapidly 
than 'P· Now if Qv is the Q of the output cavity 
in the unloaded condition, the efficiency of power 

transfer from the tube to the loacl. resistance is 
1 - Q/Qv. For good efficiency, Q/Qv must be kept 
small ; otherwise an important fraction of the 
power is dissipated in resistive losses in the 
copper of the cavity. 

To operate a tube with an increased "'' which 
is an easy method for increasing f, it is necessary 
to associate it with cavities having high Qv's in 
the unloaded condition. This stresses the neces
sity for a very thorough study of the resonant 
cavities associated with the tube. There is a 
practical limit to the Qv's that can be obtained 
with copper cavities. Moreover, the maximum 
value of Qv decreases when the frE"quency increases. 

For triodes, tetrodes, and klystrons in which 
all the energy is collected in a single output cav
ity, the resistive losses in the circuits are always 
almost of the same importance as the losses by 
bombardment inside the tube. It is necessary, 
therefore, for frequencies higher than 300 mega
cycles, to give the greatest attention to the prac
tical design of the cavities and to limit the losses 
strictly to the unavoidable resistances of the 
copper. 

Above a certain frequency, varying between 
1000 and 3000 megacycles according to the type 
of tube, it becomes impossible to obtain good 
efficiency because of the chemical nature of the 
metal constituting the output circuit and of that 
of the emissive surface of the cathode. 

There are only two possibilities of extending 
the frequency limit of vacuum tubes. 

A. An increase in current density. This has been done 
in pulse tubes and explains the successes achieved in 
this field. 

B. Use of multiple-cavity systems which increase con
siderably the frequencies at which the difficulties appear. 

Point B will be considered later as it explains 
the enormous advantages shown experimentally 
by magnetrons. 

To sum up, dimensional analysis has yielded 
the following information : 

A. The results obtained with a family of similar tubes 
depend only on one parameter if'· 

B. To increase f, while keeping <p at a reasonably low 
value, d and V must be decreased at a very rapid rate as 
their effect is proportional to 1 /fn. 

C. The increase of Q under load of the circuits limits the 
use of tubes with a high value of if'· 
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Fig. 6 shows curves of efficiency as a function 
of ip for various triodes used as oscillators. These 
curves, from an article5 published in 1 945, are 
very incomplete because of a scarcity of available 
information. 

2. Electron Transit Time in Triodes 

Neglecting the diode, the triode is the oldest 
and simplest vacuum tube. It is formed of two 
spaces, the cathode-grid space and the grid-plate 
space. The cathode-grid space provides for modu
lation and the grid-plate space serves both for 
acceleration and output. 

According to recent views, the tube is used by 
associating each of the two spaces with a resonant 
cavity which, as far as practicable,  is a volume 
of revolution. Such an arrangement is quite differ
ent from the classical conception of a grid circuit 
and a plate circuit. However, the new conception 
is to be preferred for an analysis of the tube and 
circuits for very high frequencies. 

Although, in the last few years, changes in con
struction of active electrodes have been very 
limited, considerable progress has been made in 
modifying the conductors connecting the elec
trodes to the rest of the circuits. Until recent 
years, the connectors were metal rods of small 
diameter passing through the glass as in the con
struction of incandescent lamps. The operation 
of the tube was based on the idea of " conduct
ing wire" ; this is completely obsolete for high 
frequencies. 

The use of circular seals of copper or of a metal 
having a low temperature coefficient of expansion 
has made possible the insertion of triodes in revo-
1 ution cavities. Powers and efficiencies obtained 
five or six years ago at a given frequency are 
obtained with this newer technic at frequencies 
four times greater. This is true for the entire scale 
of powers. 

The smallest triodes now deliver a few deci
watts at 3000 megacycles compared to the same 
power obtained with acorn tubes at 700 mega
cycles. Recent tubes can deliver 100 kilowatts at 
100 megacycles. Such power was not obtainable 
before the war above 25 megacycles. This con
siderable progress indicates the importance of 
investigating the principles that made it possible. 

6 Lehmann and Vallarino, "Study of Ultra-High-Fre
quency Tubes by Dimensional Analysis," Proceedings of 
the I.R.E., v. 33, pp. 663-665 ; October, 1945. 

2 . 1  MODULATION SPACE 

The cathode-grid space is subjected to an al
ternating field on which an unvarying direct
current field is sometimes superimposed. 

When the unvarying field is zero, class-B 
modulation occurs and this operation is very 
often used for generating high frequencies. The 
superposition of a retarding unvarying field leads 
to class-C modulation. Class A is not used when 
high efficiencies are desired. 

In class-B operation, the field in the modula
tion space is purely alternating. During the posi
tive half-cycle, emission takes place at the cath
ode ; during the negative half cycle there is no 
emission and the field at the surface of the cath
ode is negative. 

A general study of the phenomena involved 
has not yet been published. Llewellyn's calcula
tions , limited to class A and to small amplitudes, 
do not apply. A first attempt by Wang6 indicated 
the principle of a method of diagraming electron 
motions. A more-recent article by Brillouin7 
yielded very interesting results, but cannot be 
used at the highest practical frequencies. 

2.1. 1 Quasi-Steady State 

The value of current emitted per square centi
meter of cathode area is given by Langmuir's 
equation 

v� A = 2.33 · 1 0-6 d2 • 

V is the alternating potential of the grid, d is the 
cathode-grid distance, and V= VE sin wt. 

The desired output modulation is thus pro
duced. But, further, the electrons reaching the 
grid have a variable velocity corresponding to 
the variable grid potential. The superimposition 
of these two modulations gives rise to a large 
power consumption at the modulation source. 
This power can easily be calculated 

V5t2 
dw = A  V dt = 2.33 · 10-6 d� sin5'2 wt dt. 

s Wang, "Large-Signal High-Frequency Electronics of 
Thermionic Vacuum Tubes," Proceedings of the I.R.E., 
v. 29, pp. 200-213 ;  April, 1941 .  

7 Brillouin, "Transit Time and Space-Charge in  a Plane 
Diode," Electrical Communication, v. 22, n. 2, pp. 1 10-1 23 ;  
1944. 
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Whence 

vs12 1 111" 
W = 2.33 · 10-6 d� · - sin512 8 dO, 7r 0 

or, finally, after integration, in watts per square 
centimeter 

vs12 . 
W = 10-5 j:. , approximately. 

This is a somewhat academic expression, assum
ing that the tube has a perfect theoretical cath
ode. It is very important to note that the excita
tion power is the power necessary for exciting an 
inverted amplifier ; as the source of excitation, 
which establishes the potential difference be
tween cathode and grid, has to deliver the total 
cathode current. 

We finally reach the conclusion that the nor
mal mode of excitation of a triode is between 
cathode and grid, with the considerable con
comitant power absorption. This results from the 
conception of a cavity, by virtue of which the 
phenomena in the grid-plate cavity are inde
pendent of the phenomena in the cathode-grid 
cavity. These two are completely separated by 
the grid, except for the cathode-plate capacitance 
C, the effects of which will be studied elsewhere. 
Of course, all the energy delivered by the source 
of excitation to the modulation space exists as 
kinetic energy in the electrons at their exit from 
this space. At that moment, the electrons going 
through the grid enter the output space and the 
energy of excitation they bring with them will 
have to be included in the energy balance for this 
space. Limiting ourselves to the quasi-steady 
state, two main cases are of immediate interest. 

First case : There is no alternating voltage in 
the output space V0 = 0. In such a case, no ex
change of high-frequency energy can take place 
in this region, and W r = W B+ WE, where W r is 
the power dissipated by bombardment, vVB is the 
power delivered by the direct-current source of 
acceleration, and WE is the power of excitation. 
The excitation power is lost completely and ex
clusively by bombardment of the anode. 

Second case : There exists in the output space 
an alternating voltage such that the plate is 
brought to a constant direct voltage VB with 

respect to the cathode ; this condition may be 
written 

V0 being the useful oscillating voltage and VE the 
oscillating excitation voltage. 

In this case, the electrons reach the anode with 
a constant velocity corresponding to VB and the 
power dissipated is only that delivered by the 
acceleration source. 

We thus have, in this case, W0 = - WE. 
In the output space, power equal to that de

livered to the modulation space is collected. At 
low and medium frequencies, a circuit arrange
ment called " grid excitation" permits the power 
developed in the output space to return to the 
modulation circuit. Consequently, the power 
dissipated by excitation is zero ; this is the result 
of compensation (often involuntary) , through the 
use of positive feedback, the existence of which 
is shown by analysis from the ultra-high-fre
quency viewpoint. In many cases, when the 
transit times are not infinitely small, this com
pensation does not take place, a phenomenon 
difficult to interpret by other theories. The com
pensation circuit is shown in Fig. 2. A careful 

Fig. 2-This circuit arrangement, commonly used at 
medium and low frequencies, provides an inherent positive 
feedback that reduces the power required for excitation. 

examination of these views with a frankly critical 
mind concerning the conceptions generally used 
at medium frequencies is recommended. 

Fig. 2 shows that the grid-cathode circuit is 
completed through a wire that is also part of the 
output circuit. The impedance of this connection 
constitutes the positive feedback path that 
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vanishes if a two-cavity circuit is employed as in 
Fig. 3. The ultra-high-frequency technique re
quires the use of cavities, and wire circuits are 
completely ignored. Normal excitation between 
cathode and grid will ,  therefore, always include 

--- - -- -

EXCITATION 

Fig. 3-Circuit employed at high frequencies. Resonant 
cavities for the cathode-grid and grid-anode spaces elimi
nate the positive feedback which characterizes the circuit 
of Fig. 2. 

the corresponding , power consumption. In some 
circuits, specially designed for high frequencies, 
a reduction of apparent excitation power is ob
tained by appropriate feedback. 

2.1.2 Transit Angles Not Negligible 

No complete solution6• 7 of the problem has been 
given for the case where the transit angle is not 
negligible. 

To obtain in a simple manner a qualitative 
indication of the phenomena involved, consider 
class-B operation but neglect space charge. This 
assumption is not justified but it is useful for an 
understanding of the phenomena. The numerical 
coefficients obtained, it is true, are fairly different 
from the exact values. 

Let 'fJ = 27rt/T be a variable representing time. 
A given electron is characterized by angle (} = r 
corresponding to the time when it leaves the 
cathode with a zero velocity. 

(} being the independent variable and x the 
ordinate as measured from the cathode, r is the 
parameter characteristic of an electron. 

We shall calculate the law of motion of the 
electrons assuming a fixed value for the alter
nating field 

The differential equation for the motion is 

d2x . m -d . = e&E sm wt. t" 

Integrating twice and writing v =0 and x = 0 for 
r = 0, we obtain : 

e ,SE v =  - -(cos r - cos e) , m w  

x = !!_ &:[sin r - sin e+ (O - r) cos r]. m w  

This equation can be represented by a single 
graph, which can be used in all possible cases, by 
writing 

�=� 47r;Pd2[sin r - sin o + co - r) cos rJ. 

Let 

If f is expressed in megacycles, d in centimeters, 
and VE in volts, we have 

whence 

'Pk �= 45 [sin r - sin o + (O - r) cos T]. (10) 

Fig. 4 shows the corresponding curves y = f(O, r) 
letting 

x 
y = cpk - •  d 

These curves may be used as follows. 
Axis 00 represents the cathode. After selecting 

the value of 'PE to be studied, a horizontal line 
y = 'Pk is drawn. This corresponds to x / d = 1 and 
represents the grid. 

The portion of the diagram under this hori
zontal line represents the motion of the electrons 
between cathode and grid. The following essen
tial points are to be noted. 

The electrons emitted between r = 0 and r = 7r / 2 
never fall back on the cathode. They always reach 
the grid. If 'PE < 9.5 ,  they reach the grid during 
the cycle in which they have been emitted ; if 
'PE > 9.5 , they may oscillate in the cathode-grid 
space during several cycles. Obviously, this phe
nomenon is very troublesome and it seems that 
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'PE = 9 .5 constitutes the maximum practical 
value. 

The electrons emitted between 7r/2 and 1r reach 
the grid during the first cycle or fall back on the 
cathode, increasing its temperature by bombard
ment. It will be noticed that if 'PE < 9.5 ,  the angle 
during which the electrons go through the grid 
is smaller than 11'. The effect of transit time is, 
thus : 

A. To change operating conditions from class B to class C. 

B. To cause a fraction of the emitted electrons to fall 
back on the cathode ; this fraction may be as much as SO 
percent. 

The more rigorous study of Brillouin leads to 
the same conclusions. 

Thus, the effect of transit time in the modula
tion space is : 

A. It cannot, in itself, explain a lowering of the efficiency 
'1 of the tube if \OE <9.5. 

B.  I t  explains perfectly a decrease of the power gain G. 

These conclusions are very important and seem 
to be confirmed experimentally. 

Finally, take 'PE = 9.5 as an extreme limit for 
the operation of the modulation space. Let us 
calculate 'PE for the case where 10 percent of the 

,.,.., "' � .. .. ,.. 

300 

2.00 
-·- ---

100 

/ 

T=O / l / / 

I 

90 1------l------:.,..__,,.<'-lhl"---==--.....,iii-.;;::-

0 ( 7T )  
e 

total number of emitted electrons fall back on 
the cathode. The usual assumption is made that 
the electron flow obeys a sinusoidal law 

n = no sin wt. 

90 percent of the electrons pass before electron 
790 such that 

f'•O 
Jo sin 0 d0 = 2 X 0.9,  

which gives 790 = 145 degrees. 

This electron, 7 = 145 degrees, must be the last 
one to go through the grid ; for this to happen, it 
must reach the grid with a velocity v = O ;  now 
we have v = O  for cos O = cos 7, which gives 0 = 2 15 
degrees. Substituting these values for (J and 7 in 
(10) ,  and with x = d, 

rp� = 45 X 0. 1 7  = 7.65 , 
'f'E = 2 .  76. 

To sum up, for O < rpE < 2.76 the quasi-steady 
state exists. For 2 . 76 < rpE < 9.5 ,  operation is pos
sible in the very-high-frequency regions and for 
'PE > 9.5 ,  the modulation space is useless for the 
production of power. 

, / , I I I 

T=O 

( 27T )  

2.1 .3 Space Charges 

Llewellyn has shown 
that in the quasi
steady state the space 
charge in the neighbor
hood of the cathode in
creases by exactly SO 
percent the  transit  
time calculated with 
no space charge. 

Fig. 4 -Curves of y plotted against 0. 

Thus, the phenomena 
remain substantially 
unchanged, provided 
we multiply the rp's by 
7;3. This approximation 
is open to criticism and 
we hope that a more 
complete theory and a 
graph, similar to Fig. 4 
but with space charge, 
w i l l  be presente d  
shortly. It would be 
most useful. 
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Contenting ourselves with multiplying the ip's 
by %,  we finally conclude : 

0 < 'PE < 1 .84 = quasi-steady state , 
l .84 < ipE < 6.3 = high frequencies 

'PE > 6.3 = unusable. 

'PE is the particular cp adopted for the modulation 
space of the triode. Later on, we shall relate it to 
the number cp used for the whole tube. 

2 .2 OUTPUT SPACE 

In addition to serving as an output space, this 
region provides room for acceleration. The field 
in this region results from the superposition of an 
unvarying field established by the accelerating 
source VB and an alternating field created by the 
output source V0. As VB and V0 are of the same 
order of magnitude, the electron flow is a maxi
mum at the instant the resulting potential differ
ence VB + V0 is close to zero. Consequently, the 
electrons go through this space with the sub
stantially constant velocity they acquired in the 
modulation space. This velocity is necessarily 
small, and constitutes the major drawback of the 
triode as an ultra-high-frequency generator. 

2.2.1 Quasi-Steady State 

In the quasi-steady state, the conditions under 
which ultra-high-frequency triodes are most com
monly used are as follows : 

A. Class-B operation. 

B. At the time of the cycle when the electron output is 
maximum, the cathode is brought to a potential - 0. 1 VB 
with respect to the grid ; the grid-anode potential difference 
is lowered to zero (Fig. 5), which amounts to choosing 
VB = Vo in absolute value. 

A first consequence of this potential distribu
tion is to impose a relationship between the dis
tances dFG and dGA in the tube. Referring to the 
article by Fay, Samuel and Shakley8 on the effect 
of space charge between grid and plate, if with re
spect to the cathode, VFG = VFA, i.e . ,  VaA = O, we 
cannot have 

8 Fay, Samuel, and Shakley, "On the Theory of Space 
Charge Between Parallel Plane Electrodes," Bell System 
Technical Journal, v. 1 7, pp. 49-79; January, 1938. 

If distance dGA is greater than 2 (2) ! dFG, a virtual 
cathode is formed between the grid and plate and 
part of the electrons are reflected to the grid. This 
condition is verified experimentally on triodes 
comprising a cathode with an equipotential sur-

+ 

Ve=Vo ABSOLUTE VALUE 

F 

V6·VF• 0.1 V8 
VA-VG = O  

A 

-::=:. v - B 

Fig. 5-Quasi-steady-state conditions under which triodes 
are commonly used at ultra-high frequencies. 

face and a practically plane structure. The grid
anode distance may be larger if we use a fila
mentary cathode or a cylindrical structure of 
small radius. In practice, in most of the ultra
high-frequency triodes daA = 3dFG ;  we shall as
sume this condition to be fulfilled. 

Let us consider the values of the transit angles 
in the output space at peak current for these 
conditions. 

VFa =  VAF = 0. 1  VB. 
daA = 3dFG· 

Assume the velocity of the electrons to be con
stant between the grid and plate and equal to (2e) ! . 

v =  m (O.l VB) 1• 

Under these conditions, the transit angle of the 
electrons, corresponding to the current peak in 
the output space, is 

daA (m) ! 
Oo = 27rf (O.l  VB) !  . 2e · 

Now 

(�r = 6 · 107, 

daA = 3dFG i 
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therefore : 

or 
Oo = 0.3qJE, approximately. 

It was shown that the limit of the quasi-steady
state region in the modulation space corresponds 
to cpE·= 1 .84 or Oo = 0.56 radian, 32 degrees, which 
also corresponds to the limit for the quasi-steady 
state in the output space. (On this subject, see 
Warnecke and Bernier.9) The fact that the limits 
for the quasi-steady state is reached simultane
ously in the two spaces shows that the conditions 
of use selected are rational and explains their 
choice. 

\Ve can also note that 

fdGA. 3 fdFG 
cpo =  V' = io·· V' 7"c cpE B � E 

and 'Po = 'PE in a triode tube. 

2.2.2 IP Coefficient 

In practice, the cp coefficient of a triode has 
been evaluated in the following manner. 

fdFA cp = vt B 
where 

f = frequency in megacycles 
dFA = cathode-anode distance in centimeters 
VB = plate volts. 

This can be written 

j(dFG+dG,i) 4 cp (lQ VE) �  = 10! C{!E, 

cp7• = l .26cpE. 

The limit of the quasi-steady state 1s thus 
reached for cp = 1 . 26 X 1 .84 or cp = 2.3 .  

A long experimentation has shown that it  is 
possible, if the circuits are correctly designed, to 
keep the same values for 1/ (efficiency) and G 
(power gain) obtained for medium high frequen
cies, for any value of cp up to ahout cp = 2.5.  

This constitutes an excellent experimental 
proof of the above theory which, despite its lack 
of fine detail , has a substantial practical value. 

9 Warnecke and Bernier, "Contribution a la Theorie des 
Tubes a Modulation de Vitesse," Revue Generale de l'Elec
tricite; January and February, 1942. 

Let us now calculate the voltage magnification 
factor under load Q for the output space. This 
plays a prominent part in television. 

The reactive current through the output cir
cuit is 

A' = w VCaA 

= 1 0-6 fVB 
dGA 

JV 
= 1 .33 · 10-6 - ·  

dFA 

Assuming that the total circuit capacitance 1s 
twice the capacitance of the active elements of 
the tube , if 

f d 
cp = Vi ' 

A ' = cp · l .33 · 10-6 
d
v: . 
FA 

Let us now calculate the active component of the 
electron current. The peak current emitted by 
the cathode is 

- . -6 (0. 1 VB)! A - 2.33 10 
(0.25dFA)2 ' 

Vt = 2.33 X 16 X 0.03 X l0-6X
d
2B , 
FA 

vt . =d2 ·  10-6, approxnnately. 

We obtain the value of the fundamental com
ponent A Fund by multiplying by % to account for 
the current collected by the grid and by the co
efficient 72 for the development in a Fourier series 
for class-B. Whence, 

Substituting the value for A' ,  we get 

whence 
A'  =A cpX 1 .33 X 2.66, 

whence 
Q = 3.55cp. 

Q and cp are proportional as foreseen in Sec
tion 1 .4. 

This relationship gives the lowest value for Q 
that can possibly be expected for a triode oper
ating at normal efficiency. This relationship is 
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valid for the quasi-steady states up to cp = 2.5 
and Q = 9.  

When using triodes with glass bulbs and cir
cuits outside the tube, the total capacitance 
reaches four times the capacitance of the active 
elements, which doubles the above value and 
gives Q = 7. 1 cp, whence Q = 18 for cp = 2.5 .  

This is  a fundamental relationship in the tech
nique of modern wide-band television trans
mitters operating at very high frequencies. 

2.2.3 Transit Angles Not Negligible 

Cases where transit angles are no longer negli
gible correspond to values of 'PE between 1 .84 
and 6.3 ; cp then varies from 2.32 to 8, and the 
transit angle in the output space varies from 32 
to 1 10 degrees. This value of 1 10 degrees, which 
was calculated without taking into account the 
space charge, is a high value, but it is still lower 
than 1 80 degrees for which the efficiency of the 
output space is still appreciable. 

This shows that the amplification of a triode G 
decreases much more rapidly than the efficiency. 
This has also been confirmed by experiment. 

Of course, when G = 1 ,  interest in the tube as 
an amplifier vanishes completely and the power 
it can deliver as an oscillator drops to zero. We 
do not know exactly the value of cp corresponding 
to such_a_case. Fo(cp = 8, certain triode oscillators 

.... z "' <.> a: 

70 

60 

50 

� 40 

20,000 v 
15,000 v 

1500 V 

5000 v 
4000 v 

3000 v 

still have an efficiency of 5 to 10 percent, which is 
outside the field in which we are interested . 
Table I shows relations of cp, Q, and general 
operating conditions ; 

where 

f d cp =  vt and 
f 

Q =  
l::i.f ' 

f = frequency in megacycles, 
d = filament-anode distance in centimeters, 
V = plate volts, 

l::i.j = total bandwidth in megacycles. 

TABLE I 

OPERATION OF TRIODES AT VERY HIGH FREQUENCIES 

Q Remarks 
--- --- ----------------

0 0 Quasi-steady state. Results similar to 
2.5 18 those obtained at low frequencies. 

2.5 18 Important transit times. Power gain 
8 above drops rapidly. Output drops slowly. 

60 

A complete study of the dimensioning of tri
odes would be beyond the scope of the present 
study. 

It will be realized easily that it is possible to 
determine completely all the dimensions and 
operating conditions for the optimum case of a 
triode oscillating at a frequency f. 

If we are dealing with a pulsed tube or if f is 
above 600 megacycles, the maximum emission is 
the dominant factor in computing the dimensions. 

If we are dea l ing 
with  a cont inuous
wave tube operating at 
a frequency lower than 

� 2000 V 
> <.> G1 30 
u ii: IL "' 20 

10 

1 000 v 

O "-��-'-��-'-�----��--'���'--"'-�-'----'"'---'-��-'-��--' 

600 megacycles, the 
maximum dissipation 
per unit surface is the 
dominant factor. It is 
then possible to cal
culate for each fre
quency the most favor
able distances between 
electrodes, plate volt-

o 10 20 30 40 5o so 10 eo so age Vs, cathode emis-
f" s1on A ,  pass band l::i.j, 

Fig. 6-Efficiency plotted against <P for three prewar triodes and an experimental tube. etc. 
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The total area of the tube is not controlled by 
the above calculations, and may be adjusted to 
the total power required ; its design is influenced 
greatly by the mechanical conditions of the con
struction and by the stiffness of the elements. 

Fig. 6 shows curves of efficiency as an oscillator 
of three prewar types and one experimental tube. 
It is interesting to note the accuracy with which 
the points relative to the latter tube are located 
on a single curve, despite the extreme values of 
the voltages used. 

3. Con clusion 

It is a known fact that it is often difficult to 
determine whether unsatisfactory operation is 
attributable to the tube or the circuit. Dimen
sional analysis has contributed to the solution of 
this problem, and despite the lack of refinement 
of the theory and the unsubstantial nature of 
certain hypotheses, the results are far from being 
useless. 

New types of triodes10 have been developed, 
which are useful in the construction of high
definition color-television transmitters11 deliver
ing 1 kilowatt on a wavelength of 0.6 meter with 
a modulation band extending to 10 megacycles, 

10 Frankel, Glauber, and Wallenstein, "Medium-Power 
Triode for 600 Megacycles,"  Proceedings of the I.R.E., 
v. 34, pp. 986-991 ;  December, 1946: also Electrical Com
munication, v. 24, pp. 1 79-191 ; June, 1947. 

11 Young, "Color-Television Transmitter for 490 Mega
cycles," Electrical Communication, v. 23, pp. 406-414;  
December, 1946. 

and of frequency-modulated broadcast trans
mitters producing 100 kilowatts at 3 meters. To 
obtain such results, circuits of a new type must 
be used. 
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Flashing Signal for Railway Crossings 
By V. C. MEEUWS 

Bell Telephone Manufacturing Company, Antwerp, Belgium 

RAILWAY CROSSINGS in Belgium, as 
in many other European countries, are 
commonly protected by gates operated 

by signalmen. The considerable increase in auto
mobile and other road traffic and the expansion 
of the highway network have made desirable the 
replacement of the manually operated gates by 
signals that are controlled automatically. 

Red and green lights are employed to control 
the traffic over highways that cross the railroad. 
In addition, an audible warning is given by an 
electric gong when a train approaches. The red 
light flashes at a rate of 80 times per minute and 
the green light flashes at 40 times per minute. 

1 .  Flashing Mechanisms 

Various types of circuit interrupters have been 
developed for flashing these lamps. The service is 
rather heavy and where mechanical interruption 
is used, trouble with electrical contacts has been 
encountered. The failure of the interrupter would 
bring about a hazardous condition and serious 
accidents might easily result. In addition, main
tenance costs of such equipment are not insigni
ficant. Consequently, the problem of flashing 
these lamps by nonmechanical means has been 
given careful attention. 

The problem, in general , is to flash two, three, 
or four signal lamps, each of 60 watts rating, at 
80 or 40 pulses per minute. The lamps are norm
ally operated from the 1 30-volt alternating-cur
rent supply. If one or more lamps go out of 
service, the remaining lamps must continue to 
flash. The "On" and "Off" times are to be 
approximately equal. The control circuit should, 
so far as possible, be common to both the red and 
green lamps. 

2. Electric Flasher 

to the circuit, the inductance, and hence the 
impedance, of Wl is so high that the lamp fails 
to light. Rectifier 1 ,  which is connected across 
the power supply, applies a direct voltage to the 
capacitor C through Rl and W2. As the capacitor 
charges, the voltage across it increases until it is 
high enough to ignite the gaseous discharge 
lamp shunted across C and W2. This discharges 
the capacitor until the voltage across it is too 
low to maintain the gaseous discharge. The 
cycle then repeats and its frequency may be 
controlled by varying either C or Rl.  This is 
the well-known relaxation oscillator. 

Only a small amount of energy is available 
from the relaxation oscillator to produce a 
magnetic field in the iron core on which the three 
windings are mounted. The function of the 
magnetic field is to reduce the inductance and 
impedance of the winding Wl to allow an in
creased current to flow through the signal lamp. 
Fortunately, the energy required is not directly 
related to that taken by the signal lamps but 
may be very much less. The frequency at which 
the oscillations occur is significant as more 
energy is required to change the magnetic field 
as the frequency is increased. This is a limitation 
on the control possible with a given gaseous 
discharge tube. To stabilize the control and 
increase the effective power range of operation, 
use is made of the two windings, W3 and W4, and 
rectifier 2 .  

When C discharges through W2 and the 
gaseous tube, the inductance of Wl decreases 
and the current through W4 and the lamp in
creases. This increases the voltage drop across 
W4 and the direct current through W3. W3 is 
arranged to provide a magnetic field in the same 
direction as that from W2 under these conditions. 
Consequently, the inductance of Wl is further 
reduced. An increased current through W4 and 

In Fig. 1 ,  the current flowing through the lamp the lamp results and this process continues until 
is in part controlled by the inductance of the two magnetic saturation of the core prevents any 
windings, Wl and W4. When the power is applied further reduction in the inductance of Wl . 
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F L A S H I N G S I G N A L  

ALTERNATIN.G
CURRENT 
SUPPLY 

RI  

F O R  R A I L W A Y  

WI 

C R O S S I N G S  

SIGNAL LAMP 

W4 

Fig. I-Circuit used for flashing signal lamps. A relaxation oscillator employing a gaseous conduction tube 
controls the rate at which the lamp is flashed. 

R2 

RI 

Cl 
C2 

WI 

RED PILOT ®]Ill 
W4 

ROAD 

Fig. 2-Arrangement used at a typical railway crossing. The railway tracks are indicated by the heavy 
horizontal lines at the top and the dashed lines designate the highway for automobile and other traffic. 
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When the capacitor C discharges to a voltage 
at which the gaseous tube is no longer conduct
ing, a current from the rectifier flows through 
Rl and W2 to recharge the capacitor. This 
current through W2 is in the opposite direction 
to that which resulted from the discharge of the 
capacitor. Thus it produces a magnetic field 
which opposes that produced by the current 
flowing in W3. This increases the inductance of 
Wl , which reduces the current through W4 and 
the lamp. The reduced current through W4 
decreases the rectifier current through W3, 
further increasing the inductance of Wl . This 
process continues until the inductance of Wl is 
sufficiently high to extinguish the lamp. 

Fig. 3-The electronic flashing control equipment 
is mounted in a metallic case. 

3. Railroad Crossing Installation 
The arrangement used in a typical railroad 

crossing installation is shown in Fig. 2. Red and 
green signal lamps are located at each side of the 
railway facing the direction in which the traffic 
on the highway approaches the railroad. 

At a suitable distance on each side of the 
crossing, the rails are insulated electrically from 
the rest of the railway system. These sections 
which are crossed by the highway are supplied 
with power at a voltage sufficiently low to offer 
no hazard to anyone making any contact with 
the rails. From these rails, rectifier 3 supplies 
power to a relay which under normal conditions 
supplies energy to the green signal lamps. \Vhen 
a train enters the protected region of either track, 
the input to the rectifier is short-circuited and 
the relay disconnects power from the green 
lights and applies it to the red signals. A resistor 
protects the transformer from burning out during 
this condition. 

The pilot lamps are installed in the cabin of 
the nearest attendant to permit supervision of 
the operation of the signal lamps. The primary 
of the transformer to which the pilot light is 
connected is adjusted in accordance with the 
number of lamps that are being flashed. 

A second set of contacts on the relay inserts a 
40-microfarad capacitor in the relaxation oscil
lator circuit to flash the red lamp at a rate of 80 
times per minute and an SO-microfarad capacitor 
to flash the green lamp at 40 times per minute. 

The electronic flasher equipment is mounted 
in a metallic case 270 millimeters (10%; inches) 
square by 157  millimeters (63i inches) deep (Fig. 
3 ) .  

Although originally developed for the Societe 
Nationale de Chemins de Fer Beiges, its use is 
not limited to railway crossings but it may be 
applied to other purposes. It is also being used 
for street-traffic control. 
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Henry M ark Pease died on 
March 7, 1947, in New York after 
a brief i l ln ess. Born in M alta, 
Illinois, on December 19, 1875, he 
was a member of the ninth genera
tion of the Pease family in the 
U. S. A. 

Mr. Pease joined the Western 
Electric Company in Chicago in 
1 898, shortly after his graduation 
from the University of Illinois 
with a Bachelor of Science degree. 
After serving in the wiring shop, 
he was assigned to installation of 
central-office equipment in various 
American cities, and to supervision 
of installation in Cincinnati. Later, 
he returned to Chicago as an equip
ment engineer. 

In December, 1902, Mr. Pease 
was transferred to the London 
branch of Western Electric to 
supervise the installation of central
battery telephone exchanges for the 
British Post Office and the National 
Telephone Company. After serving 
as chief engineer, he was trans
ferred in 1907 to the sales depart-
ment, becoming sales manager in 
1909, and assistant manager �of the company 
in 1913 .  In !1918, 1 he ;_was (made managing 
director. 

From 1908 to 1922, Mr. Pease also had charge 
of the extension of loaded-cable telephone trans
mission systems in Great Britain, Holland, 
Sweden, and Italy. In London, he organized the 
long-distance cable-laying department. 

In 1922, he took an active part in forming the 
British Broadcasting Company, becoming one 
of its original directors. International Western 
Electric, London, installed one of the first broad
casting stations in England. The following year, 
Mr. Pease negotiated a contract with the British 
Post Office for the first transatlantic radiotele
phone transmitting station. 

In 1925 ,  International Telephone and Tele
graph C0rporation purchased International West
ern Electric Company and changed its name to 
International Standard Electric Corporation. 

HENRY MARK PEASE 

Concurrently, the name of Western Electric, 
London, was changed to Standard Telephones 
and Cables, Limited. M r. Pease continued as 
managing director of Standard Telephones and 
Cables until 1928 when he was appointed Euro
pean general manager of International Standard 
Electric Corporation. 

M r. Pease returned to New York in 1933 as 
vice president and a director of the International 
Standard Electric Corporation. In 1941 , he be
came president and last year assumed the post 
of first vice-chairman of the board. In 1937 ,  he 
was elected vice president and a director of Inter
national Telephone and Telegraph Corporation. 
In addition, Mr. Pease served as vice president 
and a director of Federal Telephone and Radio 
Corporation, and as a director of both Inter
national Telecommunication Laboratories, Inc. 
and International ,Telephone and Telegraph Cor
poration, Sud America. 
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INT!RNATfONAL TELEPHONE AND TE'LEG RAPM CORPORATION 

Ass:oc:iab! Mamalacturing and Sale& Companies 

United Sf:ahs of Amel'ica 
Intemational Standard Eleetric Corporation, New York, 

New York 

Federal Telephone and Radio Corporation, Newark and 
Clifton,. New .Jersey 

G"'eaf: Britain arui. Dominions 
Standard Telephones and Cables, Limited, London., England 

Branch Office&: Birmingham, Leeds, Man.chester, England; 
Glasgow, Scotland; Dublin, Ireland ; Cairo, Egypt; Cal.eutta, India ; Johannesburg, South Africa 

Creed and Company, Limited, Croydon, England 

International Marine Radio Company Limited, Liverpool:, 
England 

Kolster-Bmndes Limited, Sidcup, Engl!)ind 

Standard Telephones and. Cables Pty. Limited, Sydney, 
Australia 

Branch Office&: Melbourne, Australia;. Wellington, New 
Zealand 

Silovltc Eleetrical P,roducts Pty. Limited, Sydney, Auatralia 

New Zealand Electric Totalisators Limited, Wellington, New 
Zealand 

Flllile£al Electric Manufacturing Company, Ltd., Montreal, 
Canada 

Souf:h. Ameri:c:a 

Compafiia Standm·d Eleettlc. Argentina, Sociedad An6nima, Industrial y Comercial, Buenos Aires, Argentina 

Standllil'd Electrics, S.A., Rio de Janeil'O, Brazil 

Compafi.Ia Standard Eleetric, S.A.C., Santiago, Chile 

Eur4,pe and Fa.. Easf: 

Ver� Telefon- und Telegraphenfabrika Akti-Oesell
schaft. Czeija, Nissl and Company, Vienna, Austria 

Bell Telephone Manufacturing Company, Antwerp, Belgium. 

China Eleetric Company, Limited,. Shanghai, China 

Standard Electric Doms A Spolecnost, Prague, Czechoslovakia. 

Standard. Electric Aktieselskab, Copenhagen, Denmark 
Compagnie Generale de Constructions. Tfile]?honiques, Paris, 

France 
Le Materiel Telephonique, Paris, France 

Les Teleimprimeurs, Pacis,. France 
Ligg.es Te!egraphiques et Telephoniques, Paris, France 

Ferdinand Sch:uchhardt Berliner Fernsprech- und Telegraph-
enwerk Aktiengesellsehaft, Berlin, Germany 

Lorenz, C., A.G. and. Subsicliaries, Berlin, Ge!'many 

Mix & Genest Aktien@J;iellschaft and Subsi<liaries, Berlin, 
Germany 

Suddeutsehe Apparatefabrik Gesellschaft M.B.H., Nurem
be£g, Germany 

Telephonfab:rik Berliner A.G. and Subsidiaries, Berlin, G£1r
many 

Nederlandsche Standard Electric Maatschappij N.V., Hague, 
Holland 

Dial Telefonkereskedelmi !Mszveny Tarsasag, Budapest, 
Hung_ary 

Standard Villamossagi Reszveny Tarsasag; Budapest, Hungary 
Telefongyar R.T., Budapest, Hungary 
Fabbrica Apparecchiature per Comunicazioni Elettriche, 

Milan, Italy 
Standard Elettrica Italiana, Milan,. Italy 

Societa Italiana Reti Telefoniche Interurbane, Milan, Italy 
Nippon Electric Company, Limited, Tokyo,. Japan 
Sumitomo Eleetric Industries, Limited, Osaka, Japan 

Standard Telefon- og Kabelfabrik A/S, Oslo, Norway 
Standard Electrica, Lisbon, P-0rtugal 
Standard Fabrica de Telefoane si Ra<lio S.A., Bucharest, Rumania 
Compafila Radio Aerea Maritima Eapafiola, Madrid, Spain 
Stantlard Eleetrica, S.A., Madrid,. Spain 
Aktiebolaget Standard Radiofabrik, Stockholm, Sweden 

Standard Telephone et Radio S.A., Zurich, Switzerland 

Telephone Ope:rafoing: Sysnms 
Compania Tele£6nica Arwntina, Buenos Aires, Argentina 
Compafiia Tele�:lico-Telef6nica Comercial, Bueno.a Aires, 

Argentina 
Compafi!a Telegrafico-Telef6nica del Plata, Buenos Aires, 

Arg�ntina 
Companhia Telefenica Paranaense S.A.,. Curitiba, Brazil 
Companhia Telefonica Rio Grandense, Porto Alegre, Brazil 
Compafiia de Teliifo:aos de Chile, &.:tntiago, Chile. 
Compafiia Telefonica de Magallanes S.A., Punta Arenas, Chile 

Cuban Telephone Company, Havana, Cuba 
Cuban American '£elephone and Telegraph ComJ)any, Ha

vana, Cuba 
Mexican Telephone and Telegraph Company, Mexico City, 

Me:xico 
Compaflla Peruana de Telllionos Limitada, Lima, Peru 
Porto Rico Telephone Company, San Juan, Puerto Rico 
Shanghai Telephone Comp�y. Federal, Inc., U.S.A., Shang• hai, China 

Radi.of:elephone and Radioteleg:raph Operatiftg Companies 

Compafiia Internacional de Radia, Buenos Aires, Argentina Compafiia Internacional de Radio, S.A.,. Santiago, Chile 
Compafiia Intemacional de Radio Boli:viana, La Paz, Bolivia Radio Corporation of Cuba, Havana, Cuba 
Comp.arihi:a Radio Internacional do Brasil, Rio de Janeiro, 

Brazil Radio Corporation of Porto Rico, San Juan,. Puerto Rico• 
1 '.Qadiotele'.llhone and Radio Broadcasting services •. 

Cable and Radiob!leg;raphc Oper�g Companies 
(Controlled by American Cable & Radio Corporation) 

The Commercial Cable. Company, New York, New York� All America Cables and Radio, Inc,. New York, New York' 

Mackay Radio and Tele�aph Company, New York, New The Cuban All Amel'ica Cables, Incor_porated, Havana, Cuba� 

York& Sociedad An6nima Radio Argentina, Buenos. Aires, Argentina6 
2 Cable service. •International and Marine Radiotelegi;aph services. •Cable and Radiotelegraph services. 'Radiotelel!@cph senice. 

International Teleeommunication Laboratories, Inc., New 
York,. New York 

Federal Teleeemmmrication Laboratories, Inc., Nutley, New 
Jersey 

Standard Teleeommunication. Laboratories Ltd., London,. 
England 

Lab:oratoi:re Central de Telecommuni011ti:ons, Paris,. France 
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