
Jll1��©A\� 
coo��rr©£vrrrr©� 

Teelimeal ]t111trruJl of the 
l�l Teleplwu1l tmd Te�� CarptJ1n#wia 

<md.A.s�C� 

Tftl!r WE.� lJl'QD:N VAB:IOPLEX ·rnEGBAPH SYSTE'l\f 

'.l'RANSift' TIME AND SPA.�BGE: IN A PIANE Il!IOM 

C� l'�N LINE NETW611K ANALYSI'8 

CA'1'lfDlllC PRfJTE..CTIM AND APPf.tCA'.l'ft.tNS M SJiiLENftlK REt.'TiffJERS 

� TltA� SYSTEMS-A dVIEW 01' � OOliCING 'J'HE. 
WAD wrnt SPECIAL REJ'E�E l't> Pt>M'WAJl DI&YJU.OPM::ENTS 

M:TELOPMJENTS lN TflE Fll!llll OI' CABLE AND RADIO 
� COMMifNJl.CATIONS 

A PBO.POSAI. FM A GLOBAL SOORTW AVE. BllOAD£AS-TfNG 13TSftM 

1944 

VOL 22 No. 2 

www.americanradiohistory.com

www.americanradiohistory.com


ELECTRICAL 
Technical Journal of the 

•INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 
and Associate Companies 
H. T. KoHLHAAs, Editor 

EDITORIAL BOARD 
H. Busignies H. H. Buttner G. Deakin E. M. Deloraine T. M. Douglas Sir Frank Gill 

\X'. Hatton E. S. McLarn 0. J. Olgiati Frank C. Page H. M. Pease 
E. D. Phinney Haraden Pratt E. N. Wendell 

Published Quarterly by the 

INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 
67 BROAD STREET, NEW YORK 4, N.Y., U.S.A. 

Sosthenes Behn, President Charles D. Hilles, Jr., Vice President and Secretary 

Subscription, $r.50 per year; single copies, 50 cents 

Volume 22 1944 Number 2 

CONTENTS 
PAGE 

PTJLSE Tnrn ::VloDUL\TION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 
By E. JI. Deloraine mid E. Lubin 

BRAZILIAN INTERIOR RADIOTELEPHONE SERVICE . . . . . . . . . . . . . . . 9q 
By Leonard Jacob, II 

THE WESTERN UNION VARIOPLEX TELEGRAPH SYSTEM 

By 0. E. Pierson 

TRANSIT Tarn AND SPACE-CHARGE IN A PLA2'E DroDE 

By Leon Brillouin 

101 

110 

COMPLEX TRANSMISSION LINE NETWORK ;\:--!ALYSlS . . . . . . .... . . 124 
By N. Marchand 

CATHODIC PROTECTION AND APPLICATIONS OF SELENIUM RECTI-

FIERS . • • . • • • • • . • • • • • • • • • • . • • • • . • . . . . . . . . . . . . . . . . . . . . . . .  130 
By W. F. Bonner 

POWER TRANSMISSION SYSTEMS-A REVIEW OF PROGRESS DURING 

THE vVAR WITH SPECIAL REFERENCE TO POSTWAR DEVELOP-

MENTS • • • • • . • • • • • . • • . • • • • • . • • • • • • • . . . . . . . . . . . . . . . . . . . . .  138 
By T. R. Scott 

DEVELOPMENTS IN THE FIELD OF CABLE AND R.\DIO TELEGRAPH 

COMMUNICATIONS . • • . • • • • • . • . • • . • . • . . . . . . • . . . . . . . . . . . . . •  147 
By Harnden Pratt and John K. Roosevelt 

A PROPOSAL FOR A GLOBAL SHORTWAVE BROADCASTING SYSTEM 154 

www.americanradiohistory.com

www.americanradiohistory.com


ILLUSTRATED ABOVE IS ONE OF THE OPERATIONS IN ASSEMBLING THE FILA­
MENT STEM OF A 50-KILOWATT FEDERAL BROADCAST AND INDUSTRIAL 
VACUUM TUBE. THE OPERATOR IS SEALING THE .125-INCH DIAMETER 
TUNGSTEN LEADS AFTER INSERTION INTO THE GLASS BLANK. THE PHOTO­
GRAPH WAS TAKEN AT THE NEW VACUUM TUBE PLANT OF THE FEDERAL 
TELEPHONE AND RADIO CORPORATION, LOCATED IN CLIFTON, NEW JERSEY. 
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Pulse Time �Iodulation 
By E. M. DELORAINE AND E. LABIN 

Federal Telephone and Radio Laboratories, New York, N. Y. 

Editor's Note: Pulse "time" modulation consists essentially in the transmission of signals by pulses 
�f constant amplitu

.
de, the instantaneous amplitude of the voice being translated into a variation of time 

intervals of successive pulses; the rate of this variation corresponds to the instantaneous frequency of the 
signal. Important advantages include improvement of the signal-to-noise ratio as the band width in­
creases and the possibility of adding repeaters without increasing distortion. Thus this method of modula­
tion appears particularly promising for application to multi-channel radio and coaxial cable transmission 
systems and UHF broadcasting and television sound channels. High spots relating to the conception and 
development of pulse time modulation have been included in the article to complete the historical record. 

Introduction 

PROGRESS in the last decade in the tech­
nique of transmission utilizing the higher 
frequencies poses a problem not involved 

with the lower frequencies : how to take advan­
tage, from a transmission viewpoint, of the fact 
that much wider band widths per channel are 
available than strictly necessary if one considers 
only the elements of most signals to be trans­
mitted. Such signals include telegraph, telephone, 
and facsimile. Inasmuch as television signals are 
of a type calling for very wide bands, they are 
not considered in the following discussion. 

An approach to the problem is to estimate the 
band width required by the signal as a percentage 
of the carrier frequencies used and to decide 
whether, in view of the number of channels re­
quired, one can justify "intensive packing" of 
the channels. 

Consider a group of 12 telephone channels. 
Properly segregated, on a single sideband and an 
amplitude modulation basis, they occupy a band 
width of approximately 50 kilocycles. 

If we consider the transmission of this group 
over a pair of wires between 10 and 60 kilocycles, 
the band width is large compared to the lowest 
frequency used, i .e. , five times. 

If we assume the same group transmitted by 
radio between 10 megacycles and 10.05 mega­
cycles (single sideband carrier suppressed) , the 
band width required is only one-half of one per­
cent of the lowest frequency used. 

If we now envisage the same transmission at 
1000 megacycles (double sideband with carrier) 
the percentage becomes only one-hundredth of 
one percent. 

Thus the number of telephone channels that 
can be handled on a constant percentage band 
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width basis is extremely large when one comes 
to the higher frequencies. Several thousand 
telephone channels can be accommodated if re­
quired, in so far as band width considerations go. 

Present-day telephony-telegraphy, facsimile, 
etc. ,  requirements, in most regions of the world, 
would not justify any such large numbers of 
channels. Hence, practical consideration of how 
best to utilize the available band width pre­
sents a fundamental problem to communication 
engineers. 

Another approach is to consider the band 
width required due to instabilities of the oscilla­
tors and circuits, both at the transmitting and 
receiving ends, compared to the band width of a 
telephone signal. It is clear, for example, that 
with carriers at 10 megacycles and combined in­
stabilities for both ends of 1/10,000, the band 
width requirement due solely to instabilities is 
1000 cycles. 

If we assume a telephone band width of 3000 
cycles, the widening of the minimum band width 
due to instabilities is 30%. If, on the other hand, 
we repeat the calculation for a carrier of 1000 
megacycles, the instabilities amount to 100,000 
cycles, while the signal band still is 3000 cycles. 
Consequently, the widening due to instabilities 
is now equal to 30 times the telephone band 
width. Hence in the latter case, the band width re­
quired by the signal proper is merely a small frac­
tion of the band width needed for transmission. 

To determine how to transform the telephone 
signal in such a way as to employ usefully a 

greater band width than the original signal is 
evidently of considerable interest. The value of 
such a transformation obviously is dependent on 
advantages that may be involved from the trans­
mission and equipment viewpoint. 
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One solution is the transformation of the 
speech signals into frequency-modulated signals. 
An improved signal-to-noise ratio can be ob­
tained ; the improvement, within limits, is pro­
portional to the band width used. 

Pulse Time Modulation 

The merits of another method of transmission 
applicable to telephony were considered by the 
Paris Laboratories of the International Tele­
phone and Telegraph Corporation early in 1937 .  
The method consists essentially of  transmitting 
intelligence by pulses of constant amplitude and 
duration, the instantaneous amplitude of the 
voice being translated into a variation of time 
intervals of successive pulses, the rate of this 
variation corresponding to the instantaneous 
frequency of the signal. The band width re­
quired is determined by the steepness of the 
pulses. One can adjust it to be as large as desired. 
At the time the method was called pulse "time" 
modulation or pulse "time position" modulation. 
Its advantages appeared considerable when ap­
plied to the higher carrier frequencies. 

The signal-to-noise ratio obtainable at the 
terminal of the link increases as the band width 
increases. It is consequently possible to utilize 
all the frequency band available with advantage. 

The signals transmitted are of the simplest 
type. Only short pulses of constant shape with 
variable timing are utilized. 

The merits of the system were welI understood 
from the start. Mr. A. H. Reeves of the Paris 
Laboratories lists in particular : 1 

The possibility of reducing considerably the 
influence of parasites of artificial origin. 

The possibility of increasing considerably the 
signal-to-noise ratio of the link on the sole condi­
tion that the maximum potential due to noise is 
lower by a certain quantity than the maximum 
amplitude of the received pulses. 

The possibility of time modulating during part 
of the pulse interval only, and of eliminating the 
majority of the interference by blocking the 
receiver except during the extremelv short in­
terval when the pulses are actually t�ansmitted. 
This improvement, it is explained, applies even 
if the noise is of an amplitude larger than the 
pulses. 

1"A.'.H.�.Reeves,!.French�patent 933,929, June 18, 1937. 

The value of giving to the impulses additional 
characteristics which would permit them to be 
separated from the noise is described. In resume, 
the patent reads in part : "it is possible with the 
means of the invention to obtain a reception 
practically independent of the noise, even in 
those places where there are harmful local 
interferences." 

A laboratory report dated July, 1937 ,  reads as 
follows : 

"A new system of modulation called 'pulse 
modulation' giving a signal-to-noise ratio of the 
order of 20 to 40 db better than that of the 
conventional amplitude modulation has been de­
vised and is being subjected to a preliminary 
experimental study." 

Various types of time modulation were con­
sidered : 2 the possibility of using one series of 
pulses in fixed "time position" ; another, series 
time modulated , the interval carrying the in­
telligence. 

I t  is pointed out that it is possible to suppress 
the fixed pulses and that this entails advantages, 
namely, an economy in power and the possibility 
of providing more channels in a multiplex "dis­
tributor" system. These fixed pulses are repro­
duced locally at the receiver and synchronized by 
suitable synchronizing pulses at comparatively 
large time intervals. 

The value of the proposed system for multi­
channel communication was recognized and ex­
plicitly stated, also in 1937.3 Advantages antici­
pated from the application of pulse time modula­
tion to multi-channel radio and coaxial cable 
transmission systems are described and emphasis 
is given to the simplification derived from the 
use of rugged repeaters capable of operating on 
trigger action and thereby very materially re­
ducing the usual requirements for stability, dis­
tortion, and noise. 

Essential work on these circuits in the I. T. & T. 
Paris Laboratories in 1937  showed that they met 
expectations. It was decided, therefore, to pro-
ceed with field tests. · · 

Mr. Reeves carried out tests in England in 
1938. Mr. E. H .  Ullrich, who was in charge of 
this work in Paris (and who is now in England) , 2 A. H. Reeves, French patent of addition 36862 Julv 5 
1937. 

' J ' 

3 E. M. Deloraine and A. H. Reeves, British patent 
31889/37, N ovember 19, 1937. 
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stated that an experimental link was set up in 
London in 1938 over a distance of the order of 
one mile. The transmitter was installed in a 
motorcar and the receiving station was located 
in a private house. The measured signal-to-noise 
ratio improvement at the receiver output was 
20 db. Signal-to-noise ratio of 30 db on amplitude 
modulation was converted into a 50 db signal-to­
noise ratio on double pulses. The 20 db separation 
was maintained down to a ratio of 15 db on am­
plitude modulation ; below this figure the separa­
tion decreased. 

The value of pulse modulation for broadcasting 
was considered. Kolster-Brandes, Ltd . ,  -the 
I. T. & T. associate in London primarily con­
cerned with broadcast reception, took up the 
study of this problem. Mr. C. E. Brigham, then 
technical head of Kolster-Brandes, had Mr. W. 
A. Beatty and several assistants specialize on 
this work ; consequently, a number of schemes 
were proposed and, also, various tests were 
carried out in the KB Laboratory. 

By August, 1939, a number of engineers of 
I .  T. & T. companies had become fully aware of 
the merits of pulse modulation both in France 
and in England. Many were active in this field. 

Experimental equipments .were constructed at 
the time, both in the Paris and London Labora­
tories of the I. T. & T.,  capable of single or multi­
channel operation on a pulse-time modulation 
basis. 

Pulse Time Modulation-General Theory 

After the following general exposition, it seems 
useful to explain more in detail why pulse modu­
lation improves the signal-to-noise ratio and to 
give some theoretical results showing quanti­
tively how this improvement depends upon the 
frequency band used. 

Generally speaking, a receiver for any type of 
modulation can be divided into the following 
sections: 

a. A linear amplifier followed by _a linear de­
tector ; 

b. A series of limiters introducing a fixed or 
adjustable amplitude gate ; 

c. A converter or demodulator restoring the 
audio characteristics of the original signal ; and 

d. A series of audio filters eliminating all fre­
quencies not used in the desired signal, followed 

by audio amplifiers which bring the signal to the 
desired level. 

In an A lvf system, (b) does not exist and 
(c) is identical with a linear detector which we 
have supposed to be included in (a). In other 
words, in an AM system, the whole receiver can 
be considered as a linear system as regards the 
relationship between the output audio signal and 
the original audio signal at the transmitter, and 
also as regards the output and input signals. 

In an F2vl system, part (b) generally precedes 
the linear detector of (a) and part (c) is repre­
sented by a discriminator of more or less con­
ventional type. 

In pulse modulation, (b) may precede or fol­
low the linear detector and (c) is some type of 
demodulator circuit not herein described. 

The essential difference of LW (time modula­
tion) and F1vl as compared to AM is that the 
receiver is no longer a linear system. The relation 
between the audio output signal of the receiver 
and the audio input signal at the transmitter 
obviously must be linear but, in the receiver it­
self, non-linear devices considerably distort the 
signal-noise relationship. This difference, in an 
F1Vl or T�vl receiver, necessitates the introduc­
tion of the concept of output signal-to-noise 
ratio as opposed to input signal-to-noise ratio. 
The input signal-to-noise ratio is the ratio which 
exists at the input of (a) or at the input of (b). 

This ratio is simply the ratio of the amplitude of 
the incoming wave to the amplitude of the noise 
(or, if preferred, the ratio of the corresponding 
powers). 

Such a ratio Jepends essentially on the field 
strength at the receiver or, for identical propaga­
tion conditions, on the transmitted power and on 
the frequency band of the receiver. 

The relation between the frequency band and 
the amplitude of the noise is well known. It sig­
nifies that the equivalent power generated by the 
noise is proportional to the frequency band of the 
receiver. 

The output signal-to-noise ratio is actually the 
important factor and represents the ratio of the 
audio output signal to the audio output noise. 

In an AM system, the output signal-to-noise 
ratio is essentially equal to the input signal-to­
noise ratio, provided that the input signal-to­
noise ratio is calculated on the basis of the audio 
frequency band used. In an F1vf or TN! system, 
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there is no such simple relationship between the 
output signal-to-noise ratio and the input signal­
to-noise ratio. 

The noise present in the receiver ahead of (c) 
does not, as such, generate any audio noise at the 
output of (d) . In an F1'vf system the noise, in 
order to be audible, must affect the frequency of 
the signal applied to the discriminator. In the 
same manner in a pulse system, the noise in order 
to be audible must affect the positioning in time 
of the pulses used. In other words, the noise is 
introduced in the system only through the fluc­
tuations of the characteristic factor of the signal: 
amplitude fluctuation in A2\f; frequency fluctua­
tion in FM; time displacement fluctuation 
in TM. 

It is therefore clear that the output signal-to­
noise ratio may be quite different from the input 
signal-to-noise ratio, depending on1 the way this 
transformation has taken place after the signals 
have travelled through (b) , (c), and (d). 

In order to obtain a simple formula, our 
analysis will be confined to certain simple cases. 

If the signal amplitude is larger than approxi­
mately twice the noise amplitude, no noise is 
transmitted through the limiters, and the signal­
to-noise ratio at (c) measured in voltage ratio 
may be considered infinite. Actually the presence 
of noise distorts the pulses in the amplifier (a) 
and the limiters (b) and, as previously explained, 
the signal-to-noise ratio at (d) is again finite due 
to the fluctuations of the position of the pulse 
despite the complete elimination of the amplitude 
variations of the noise as such by the limiters. 
The amount of noise introduced by the demodu­
lator depends entirely on the types of distortion 
to which the pulse has been subjected by the 
noise in the amplifier (a )-(b). 

If the entire receiver preceding the limiters is 
linear, the sole distortion arising is due to the 
addition of noise to the pulse. This process is 
represented schematically in Fig. 1. In this figure, 
the pulse has been idealized and represented sim­
ply by a triangle and the noise has been repre­
sented by a similar triangle of lower amplitude 
and the same duration. Representation of noise 
and pulses by triangles of the same shape is 
justifiable because the shape is actually de­
termined by the frequency band of the receiver. 
Distortion introduced in the desired pulses by 
different noise pulses is indicated in the figure. 

d b 
OUTPUT NOISE= e1' b' 
MODULATION DISPLACEMENT = D 
(S;NJ OUTPUT= aPb• 
ab=bd=G 

a'b' d'b' tlis l 'db= G = INPUT 

(S;N) OUTPUT= (S;N) INPUT X � 
Fig. 2. 

As a first approximation, disregarding the 
change in slope, the distorted pulse may be re­
garded as an additional pulse whose leading edge 
is advanced or retarded in time by an amount 
varying with the position of the noise pulse, but 
the maximum value of this displacement is pro­
portional to the ratio of noise amplitude to 
pulse amplitude. This time displacement of the 
leading edge is converted in the demodulator 
into audible noise. In other words, any noise 
small enough in amplitude to be eliminated by 
the limiters will nevertheless generate an audible 
noise at the output of the demodulator through 
the fluctuation of the distorted pulse front. 

The amount of noise reintroduced at the out­
put of the demodulator can be calculated easily 
in the simple case represented in Fig. 1 .  The 
noise amplitude after demodulation is propor­
tional to the time displacement of the pulse 
front while the desired maximum signal ampli­
tude is proportional to the maximum time dis­
placement D allowed in the system. Maximum 
time fluctuation of the pulse front is obtained for 
a relative position of the noise pulse and the 
desired pulse as represented in Fig. 2. Input 
signal-to-noise ratio is as indicated in Fig. 2 ,  i.e. , 
simply the ratio of the amplitude of the two 
pulses. The output signal is proportional to the 
maximum time displacement D; the output noise 
amplitude is proportional to the displacement of 
the pulse front. 
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In Fig. 2, this displacement is represented by 
the segment a'-b ' .  and it can be calculated as a 
function of the input signal amplitude, of the 
input noise amplitude, and the build-up time G 
of the signal pulse. This build-up time G is equal 
to the segment a-b in Fig. 2 ;  and a'-b ' is obtained 
from similitude relation in the triangle a-b -c. 

The actual peak audio output noise is propor­
tional to the amplitude a'-b' and, finally, we ob­
tain the following equations: 

(S/ N)output= (S/ N);uputXD/G. (1) 

Maximum time displacement D and the build-up 
time G can vary within relatively large limits 
and equation (1) therefore shows that, for the 
same input signal-to-noise ratio, the output 
signal-to-�oise ratio may be quite different de­
pending on the choice of D and G. 

The above elementary calculations are pre­
sented as a simple demonstration of equation (1). 
The reasoning might not he considered entirely 
convincing since tht> output signal-to-noise ratio 
should actually be expresser! in r .m.s.  value while 
the calculations involving Fig. 2 are based on 
peak values. The peak value of the signal is quite 
clear ; howt>ver, suitable selection of peak values 
of the noise is not so obvious. It has been found 
that the noise amplitude requiring consideration 
in Fig. 2, in order to approximate experimental 
values, corresponds to the mean square noise 
amplitude. The mean square noise amplitude is 
also the "most probable" one for normal noise 
voltage distribution. 

The maximum possible time displacement D 
depends on the system used, but it is always a 
fraction of the time interval between two succes­
sive pulses. This time interval itself is deter­
mined by the maximum number of pulses re­
quired to reproduce correctly the highest signal 
frequency. 

In a single-channel system, if f is the highest 
audio signal frequency to he reproduced cor­
rectly, the number of pulses is equal to 2f or 3f 
and, therefore, D is a certain fraction of 1/2f 
or 1/3f. 

In a multi-channel system with n channels, the 
total number of pulses is 3nf and Dis a fraction 
of 1/3nf. 

The time G in equation (1) is equal to the 
build-up time of the pulse and is directly related 
to the frequency band of the receiver if it is as-

sumed that the transmitted pulse is steeper than 
that finally applied to the detector in the re­
ceiver. If the frequency band of the receiver is 
±F, the build-up time G is approximately re­
lated to the frequency band F by: 

G=1/3F. (2) 

For a single-channel system we can, as an 
example, assume that D = 20% of the period 
between successive pulses or 

D= 1/10j. (3) 

By expressing D and G in equation (1) with the 
values of equations (2) and (3) , we obtain 

(S/N)out=(S/N)mX.3F/j. (4) 
Equation (4) shows that, for a given input signal­
to-noise ratio and for a given audio signal spec­
trum, the useful output signal-to-noise ratio is 
proportional to the frequency band F used by 
the system. 

In order to compare these results to the signal­
to-noise ratio obtainable in an AM system, it 
seems proper to assume the same average power 
in both cases. T t then becomes a relatively simple 
matter to calculate the input signal-to-noise ratio 
for the pulse system as a function of the input 
signal-to-noise ratio for the AM system. For the 
complete computation, certain assumptions con­
cerning the pulse shape and its r .m.s. value are 
necessary. 

Regardless of these assumptions, an equation 
of type (5) applies. In this equation K is a 
numerical factor dependent on the pulse shape 
and also on the "crest factor" of the noise. 

(S/ N)input TM=K(S/ N)mput AM· (5) 

This equation merely expresses the fact that, 
when the pulses become narrower and the aver­
age power is maintained constant, the peak power 
is increased in the same proportion as the fre­
quency hand and the input noise power so that 
the input signal-to-noise ratio remains constant. 

The input signal-to-noise ratio for a pulse system 
with a given average power is, therefore, roughly 
equal to the signal-to-noise ratio for the same 
average power with an Allf system. 

When the pulses are not unnecessarily wide, 
i .e . ,  when they approach the ideal case of a tri­
angle with a decay time equal to the build-up 
time, the numerical factor K has been found to 
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be close to 1.5. With this value of  K ,  by com­
paring equation (5) with equation (1) and re­
membering that, in an A211 system, the output 
signal-to-noise ratio is the same as the input 
signal-to-noise ratio, we finally obtain 

(S/ N)octput TM= (S/N)AM X 1.5D/G. (6) 

In equation (6) , D and G could in turn be ex­
pressed as functions of F and f in order to derive 

(S/ N)output TM= (S/ N).rnX.45F/J. (7) 

Equation (7) applies, of course, only for the 
special choice of time displacement D made in 
conformation with equation (3). For a different 
value of D as a function off, the numerical factor 
of equation (7) would be different but the form 
of the equation would not change.* 

This relation expresses in a quantitative man­
ner the fact that the signal-to-noise ratio ob­
tained in a pulse modulation system is propor­
tional to the ratio F If of the total frequency band 
used to the frequency band of the signal. This 
relation is similar to that demonstrated several 
times for Flvl. 

One of the interesting aspects of pulse modula­
tion is expressed by equations (6) and (7) : the 
use of a wide frequency band gives a gain in 
signal-to-noise ratio. 

Furthermore, with pulse modulation, es­
pecially at very high carrier frequencies , prob­
lems of modulation at the transmitter are greatly 
simplified ; and, in such cases, the use of a large 
frequency band is in itself justified by normal 
operating conditions. 

Pulse modulation has been proposed mainly 
for multi-channel operation. For such operation 
pulse modulation allows time selection as op­
posed to frequency selection, and it is expected 
that time selection may have merits when com­
pared with frequency selection. 

I t  might be felt that multi-channei operation 
with pulses would necessitate a very large fre­
quency band since the frequency used for a single 
channel is large. Contrary to usual multi-channel 
operation based on frequency selection, it should 
be emphasized that the total band width in pulse 
modulation is essentially independent of the 
number of channels. The band width is de-

*From equation (7) it appears possible to use T,11 with a 
frequency band F only twice as large as the frequency band 
f. Other considerations, however, practically impose a 
lower limit of F several times higher, 

termined by the build-up time of the pulses and 
not by the number of pulses used. In principle, 
the number of potential channels can be calcu­
lated as a function of the total frequency band 
and the spectrum of the signal. 

Assuming an ideal case where the pulse width 
can be kept as small as twice the build-up time 
G, also that the guard time between extreme 
positions of two successive pulses of different 
channels can be reduced to three times the 
build-up time G, then the maximum time dis­
placement D possible for each channel is such 
that the unmodulated time inlerval T between 
two successive pulses is determined by 

T=2D+2G+3G. (8) 

If now it is assumed that the signal-to-noise 
ratio per channel is the same as in a correspond­
ing A1VI system of the same average power per 
channel, then equation (6) gives a relation be­
tween D and G, i .e . , D = 2/3 (G). Replacing this 
value of Din equation (8), we obtain 

T/G=19/3. (9) 

But T is related to the number of channels N 
and to the frequency band of the signal f by 

T=1/3f(N+l). 

The factor N + 1 has been introduced rather than 
N to take into account the "marker pulse." The 
build-up time G is related to the total signal band 
width by equation (2) and therefore equation (9) 
yields 

N+1 =3/19(F/f). 

For N large with respect to 1, we finally obtain 

NTM=.15F/f, (10) 

where N ™ is the number of channels for time 
modulation. 

It is interesting to compare equation (10) with 
similar equations for AJ;J or F.�1 transmissions. 

For AAI we may assume that each channel is 
transmitted by single sideband amplitude modu­
lation of a subcarrier, that a guard band of 1/3f 
is allowed between channels and that transmis­
sion is effected by double sideband amplitude 
modulation of the main carrier. Under these 
conditions, it is easy to show that equation (11) 
holds: 

(11) 
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For FJJ;f we may assume that transmission of 
separate single-sideband amplitude modulated 
channels is accomplished by frequency modula­
tion of the main carrier with an index so chosen 
that the signal-to-noise ratio is the same as in 
A.AI. It can then readily be shown by using well­
known formulas of signal-to-noise ratio in FM 
that equation (12) holds: 

NFM= .35F/f. ( 12)  

In other words, for the same average power, the 
same radio frequency band and the same audio 
band, the number of channels theoretically pos­
sible ·with pulse modulation is 1/5 of what it 
can be with A1vf and 1/2 of what it can be with 
FM transmissions. 

As an example, if the modulating signal is 
taken up to 3 kilocycles, and the total radio 
frequency band is ±3 megacycles, then 

f = 3 kilocycles, 
F=3 megacycles, 

NAM= 750, 
NFM=350, 
NrM=150. 

At first sight these figures appear very favorable 
to AJJ;f. However, a number of channels as large 
as 750 could hardly be handled in an AM system 
because the non-linear distortions introduced by 
the repeaters would be in excess of acceptable 
values. 

F1vl transmission would facilitate the problem 
of distortion in the repeaters but would not en­
tirely eliminate it. The non-linearities of tube 
characteristics are the main difficulties in AM 
transmission and a similar difficulty exists in FJJ;f 
due to the non-linearity of the phase response of 
the circuits. 

For pulse modulation, there is no source of 
distortion due either to tubes or to circuit char­
acteristics as long as the frequency band is large 
enough to reproduce correctly the build-up time . 
Even from this viewpoint, repeater requirements 
necessary for pulse modulation arc not very 
severe inasmuch as it is not essential in pulse 
modulation to produce faithfully the shape of the 
pulse. In other words, for multi-channel trans­
missions operating with a large number of relays, 
pulse modulation, in principle, has a fundamental 

advantage : distortions introduced in the different 
repeaters arc not cumulative. The only effect 
of additional repeaters would be to increase the 
noise if the frequency band of the repeater is not 
sufficiently large. 

Furthermore, pulse modulation has the ad­
vantage that it is a transmission system at 
constant amplitude. This means that limiters can 
be used in successive repeaters so that the effect 
of variation in transmission conditions can be 
minimized. 

l t should be stressed that the above formulas, 
especially equation (10), are approximate only 
and are based on certain assumptions that may 
or may not be practically obtainable under 
actual operating conditions. Nevertheless, only 
the numerical factor of equation (10) could be 
different. The fundamentally important aspect 
of this equation is that the number of channels 
is proportional to the ratio F /f. 

The numerical coefficient in equation (10) 
assumes specifically that the signal-to-noise ratio 
for each channel is the same as in AJJ;f. If it is 
desired to increase the signal-to-noise ratio, it 
can be done either by increasing the time dis­
placement allowed for each channel and keeping 
the steepness of the pulse the same (which means 
that the total frequency Fis left unchanged) ,  or 
by maintaining the displacement the same and 
increasing the steepness of the pulse (which 
means that the total frequency band F is in­
creased) .  

I n  the first case, the number of channels 
possible with the same frequency band F would 
be smaller. In the second case, the number of 
channels would be the same but the frequency 
band needed would be larger. This flexibility of 
the pulse modulation system is obviously of 
great practical advantage. 

Conclusion 

While the foregoing outline covers only the 
broadest aspects of pulse time modulation tech­
nique, it will be appreciated from the discussion 
that this type of modulation opens up the most 
far-reaching possibilities in the field of trans­
mission using very high frequencies. It should 
be added that the facts at hand seem to justify 
the belief that the I. T. & T. Laboratories have 
pioneered in the field of pulse time modulation. 
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Brazilian Interior Radiotelephone Service 
By LEONARD JACOB, II* 

Rio de Janeiro, Brazil 

AY 31, 1944, marked an important 
step in lhe rapidly expanding eco­
nomic life of Brazil. On that <lay His 

Excellency, President Getulio Vargas, signed a 
decree authorizing the Companhia Radio Inter­
nacional do Brasil, an associated company of 
International Telephone and Telegraph Corpora­
tion, to install and operate radiotelephone sta­
tions for interior telephone service in the Federal 
District, twenty state capitals and the capitals 
of the seven remaining territories, a total of 
twenty-eight stations in all. 

To study the map of Brazil is to realize the 
importance of this development to the social and 
economic welfare of this great country, which 
because of barriers of impenetrable jungle, wide 
rivers, wastelands and vast distances is divided 
into islands of population, bound together by a 
common language and common ideals, but with 
limited social intercourse and trade relations. 

With the exception of the central area em­
bracing the Federal District and the States of 
Rio de Janeiro, Sao Paulo, and Minas Gerais, 
development has been along the coast line and 
river courses. The resulting distances between 
the various cities, the industrial areas, and agri­
cultural districts, in almost all cases, have pre­
vented the extension of land line telephone con­
nection. Communication therefore has been lim­
ited to the telegraph lines of the National Tele­
graphs and the cables of the private cable 
companies serving the coastal cities. 

Except in the central area and several of the 
southern states, the telephone service leaves 
much to be desired and this, to a great extent, 
has been the result of the limitation in the expan­
sion of toll service. This is understandable, for 
from many of the coast cities the populated areas 
extend only a few miles inland , leaving the short 
toll extensions terminating at the edge of the 
wilderness. 

*Second Vice President of the lnternalional Telephone 
& Telegraph Corporation, New York, N. Y. 
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With the opening of telephone communication 
between all of the important cities of Brazil it  is 
felt that the new circuits will not only serve to 
bring lhe people of the widely scattered regions 
into closer contact with each other, but will pro­
vide an incentive toward improvement and uni­
fication of the various local telephone facilities, 
by emphasizing in the public mind the great po­
tentialities of a countrywide system with con­
nections to the telephone systems of the other 
great countries throughout the world. 

The Companhia Radio Internacional do Brasil 
is particularly fitted to carry on this development 
as it already operates radiotelephone and radio­
telegraph stations for international service in 
seven interior points, i .e . ,  Fortaleza, Belem, 
Natal, Recife, Baia, Curitiba and Porto Alegre. 
These connect through its main stations in Rio 
de Janeiro with the telephone systems of most of 
the Americas and Europe ; and, after the war, 
its telephone service will afford world-wide 
connection. 

0 PORTO VELHO 
CTERRITOR\O 00) 

GUAPORE 

Cities comprised in the 'interior radiotelephone network. 
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Porto A legre station showing typical C.R.I.B. interior station layout in Brazil. 

lt is contemplated that within a few months 
the interior service will be in operation between 
Rio de Janeiro and the several points already 
connected for international service, and that 
thereafter the extension of the service ,,d!l be 
carried out as rapidly as the supply of equipment 
and war conditions will permit, although, under 
the terms of the contract, a period of ten years 
is provided to complete the proposed network. 

It should be mentioned that the successful 
culmination of the plan for this interior service 
was in great measure due to the foresight of His 
Excellency the Minister of Communications, 
General Mendonca Lima, and Major Landry 
Sales, Director General of Telegraphs, who were 

assisted in working out the problems of operation 
by a special commission, appointed by the Presi­
dent of Brazil, the members of which were 
Coronel Macedo Soares, Dr. Adroaldo J unqueira 
Ayres and J oao Carlos Vital, all of whom are 
among Brazil's outstanding engineers and con­
sultants to the Government. 

Once again Brazil has taken a forward step in 
the development of telephone communications. 
lt is interesting in this connection to recall that 
Brazil in 1877, encouraged by the enthusiasm of 
Dom Pedro I I , installed one of the world's first 
functioning telephone systems and hence rnn 
claim a leading role in the history of telephone 
comm uni cations. 
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The Western Union Varioplex Telegraph System 
By 0. E. PIERSON 

Western Union Telegraph Company, New York, N. Y. 

Editor's Note: In line with the policy of keeping its readers informed on important developments in 
the telegraph .field, "Electrical Communication" takes j>leasure in presenting this description of Varioplex 
Telegraphy. The equipment described is distributed in the export .field by the International Standard 
Electric Corporation (New York, N. Y.), an I. T. & T. associate. Other recent contributions to "Electrical 
Communication" by Western Union authors are cited below.1 

THE Western Union Varioplex is a type 
of automatic telegraph system in which 
a large number of individual variable­

traffic-capacity lanes of communication are pro­
vided by means of a single high-traffic-capacity 
trunk circuit. These individual lanes or sub­
channels are used primarily for furnishing tele­
graph facilities to patrons whose limited require­
ments do not justify the cost of a private leased 
wire. 'Vhile the cost of this new Lype of service 
is relatively low, the service obtained compares 
favorably with that of a private wire lease. De­
velopment of the system was starte<l some ten 
years ago an<l was made possible through the 
application of a unique method of dividing the 
total traffic capacity of a main line circuit-a 
method insuring efficient usage of the circuit 
facilities regardless of the number of components 
into which the total traffic load is divided or how 
the load is proportioned. 

A Varioplex circuit between two remotely lo­
cated cities may be arranged to provide facilities 
for any number up to forty sub-channel connec­
tions. This maximum of forty sub-channels is not 
fixed by any theoretical limitations inherent in 
the method of operation, but merely through 
practical considerations. ,\ business firm with 
offices in the two cities leasing one of these sub­
channels is thereby provided with an effectively 
direct aud private circuit between the two offices. 
Each office is furnished with two teleprinters, one 
for sending and the other for receiving. Com­
munication may be carried on in either direction 
or in both directions at the same time. 

1 "Facsimile Telegraphy, Some New Commercial Appli­
caLions," by John H. Hackenberg, Vol. 18, No. 3, 1940. 
"Train Orders by Facsimile Telegraphy," by J. H. Hacken­
berg and G. H. Ridings, Vol. 21, No. 2, 1943. 

Fig. 1 shows a view of a familiar type of tele­
printer. Messages are transmitted by operating 
the keyboard of the sending teleprinter in the 
same manner as that of a standard typewdter: 
keyboard. Incoming messages are autor�atically 
printed by the receiving teleprinter. Teleprinters 
can be supplied either for page or tape copy and 
for table or console mounting, as desired.They 
are connected to the central office of Western 
Union by means of individual conductors. Simifar 
pairs of conductors radiate from the centr.al 
office to all patron offices having sub-channel 
leases over that circuit. Any patron may transmit 
at will, his signals, together with those from 
other patron lines, converging at the central 
office, whence, through appropriate apparatus 
located there, they are transmitted to the distant 
city over the single common circuit. At the 
distant point the central office apparatus auto­
matically sorts out each received character and 
transmits it over the local conductor to the office 
of the patron for whom it is intended. Charges 
for this type of service are computed on the basis 
of the actual amount of traffic sent. In order to 
furnish the necessary accounting information, 
each patron's sending line is provided with a 
character counter to record each character 
transmitted. 

Fig. 2 gives a view of a typical central office 
group of equipment for a Varioplex installation. 
�\n identical set of equipment is also installed at 
the distant city. The equipment may be divided 
into three groups or classifications: (1) that indi­
vidual to each of the patron connections, (2) that 
common to all connections, and (3) that associ­
ated directly with the main line circuit. Fig. 3 
shows a close-up view of the major units of one 
set of the equipment in the first group. Three 
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Fig. I-Typical IVestern Union teleprinter. 

such sets of equipment arc mounted on a metal 
frame or rack and provide facilities for three 
patron connections. A similar rack is provided 
for each three patron connections. At the top of 
the rack are six banks of multi-contact relays, 
two associated with each patron connection. 
This equipment, together with vacuum tubes, 
switches, signal lights, etc . ,  also mounted on this 
rack, performs functions directly associated with 
the transfer of signals from the patron sending 
line to the main line circuit and from the main 
line circuit to the patron receiving line. 

Fig. 4 is a close-up view of a metal rack in which 
is mounted the equipment designated as group 2. 
It consists of banks of multi-contact relays, 
vacuum tube units, rotary stepping switches, 
signal lamps, manually-operated switches, an<l 
various monitorial facilities, all having functions 
common to all patron connections and providing 
control of operations in general. Fig. 5 similarly 
shows the equipment of group 3 which, like that 
of group 2, is common to the whole circuit. I t  
consists principally of  two rotary distributors 

whose functions are the transmission _of signals 
to the main line circuit and the distribution of 
the signals received from the distant end of the 
circuit. It includes also the line duplexing equip­
ment and that used for testing and regulating 
the main line circuit. This group of equipment is 
practically the same as that used for ordinary 
automatic telegraph circuits. Fig. 6 shows the 
mechanical details of the distributor. Copper 
brushes, attached to a rotating shaft, trail over 
pairs of stationary segmented and solid rings, 
each pair forming an independent commutating 
circuit. The rings are mounte<l on a removable 
plate, the ·whole assembly being designated as the 
distributor face plate. 

Fig. 7 illustrates in schematic form the essen­
tial features of a two-channel or "Double" type 
of Varioplex circuit. Stations X an<l Y represent 
the two remotely located cities between which 
the circuit operates. The terminal equipment is 
that used in transmitting from Station X to Y. 
In  an actual installation an identical set of equip­
ment  is provided for transmitting in the opposite 
direction . The main line equipment comprises a 
segmented sending ring of the sending distributor, 
two banks of sending relays A and B at Sta­
tion X and a segmented receiving ring with 
corresponding banks of receiving relays at Sta­
tion Y. The brushes of the two distributors rotate 
in exact synchronous relation successively con­
necting each sending segment to the correspond­
ing receiving segment for a short interval during 
each revolution. The segments are divided into 
two groups of five segments, each group con­
stituting a channel. 

The two channels are designated alphabetically 
as the A and the B channels. Five sending relays 
and five receiving relays are associated with the 
five respective segments of each channel and 
provide the means whereby a character is trans­
mitted over each channel during each revolution 
of the brushes. The five sending relays apply 
positive and negative potentials to the respective 
sending segments and ,  as the brush traverses 
the five segments, a combination of positive and 
negative current impulses is transmitted to 
the line. 

At the receiving end these impulses actuate 
the five respective receiving relays, causing them 
to assume operated and released positions in ac-
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cordance with the signal combination. The five 
unit impulses provide 32 distinct combinations, 
each representing a character selection. Of the 32 
possible combinations, 3 1  are used for selective 
functions in the operation of the teleprinter, and 
are designated as "normal" characters. The re­
maining combination or "blank" has no selective 
function and, when received by a teleprinter, 
produces no evidence of its reception in the 
printed copy. It serves as a special signal , how­
ever, by which the operation of the central office 
equipment at the receiving end is controlled from 
the distant end of the circuit. 

If the line connecting the Stations X and Y be 
one capable of conveying intelligible signals at 
a rate of 800 characters per minute, the two 
distributors are adjusted to a speed of 400 
R.P.M. Each channel then transmits at the rate 
of 400 characters per minute. This is the method 
conventionally used on all high-speed automatic 
circuits for dividing the total traffic capacity of 
a circuit into smaller, but more practical com-

ponents. Each channel functions as an inde­
pendent traffic lane whose speed is equal to the 
quotient obtained by dividing the total circuit 
speed by the number of channels. For circuits 
with transmitting rates up to 1,600 characters 
per minute, segmented rings having three or four 
channel groups are used. 

As indicated in Fig. 7, the equipment associ­
ated with each sub-channel comprises a reper­
forator RPF, a transmitter XTR, two sending 
chain relays SA and SB, and a control relay SCO 
at the sending station and corresponding relays 
R.c\, RB and RCO at the receiving station. The 
reperforator is a mechanism arranged to respond 
to signals tramm1itted from a teleprinter and to 
record the transmitted characters in the form of 
perforations in a narrow paper tape. The nature 
of these 'perforations will be evident from Fig. 8 
which shows the transmitter through which the 
tape passes as it comes out of the reperforator. 
A magnetically-operated tape-feed mechanism 
steps the tape through the transmitter, causing 

Fig. 2-Varioplex Central Office equipment. 
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it to advance one character per revolution of the 
distributor brushes. During the interval between 
steps, the tape remains at rest with a character 
perforation directly over five movable fingers or 
pins which press against the tape. Each pin en­
gages the tape at a point where a hole may 
haw� been perforated and moves upward unless 
stopped hy the tape. Five contacts controlled hy 
the pins are thus positioned in accordance with 

the perforated combination of holes. The five 
contacts are multipled as indicated to five re­
spective contact springs of the two chain relays 
SA and SB through which the circuits may he 
closed to the five sending relays of either of the 
two channels. Thus, if relay SA be operated 
during this interval the five relays of hank A as­
sume operated and released positions correspond­
ing to the character in the transmitter. As the 
sending brushes pass over the five segments of 
the A channel , the signal combination repre­
senting the character then is transmitted to 
the l ine. 

A light contact lever, mou nted between the 

reperforator and the transmitter, extends above 

Fig. 3-Varioplex Central Office equipment 
individual to patron connections. 

Fig. 4- Varioplex Centrai Office equipment 
common to all connections . 

the tape loop as it passes from the reperforator 
and into the transmitter. \Vhen the tape loop 
becomes too short to permit further transmitter 
stepping operations. this arm is l i fted by the 
tape, causing the stepping circuit to become in­
active. This automaticall y  governs the stepping 

action of the transmitter, permitting it to step 
the tape whenPver possible, and stopping it when 
the tape loop becomes short-an arrangement 
commonly known as the auto-stop circuit. 

At Station Y the signal combination is dis­
tributed by the five receiving segments of the 
A channel and causes the five receiving relays 
of bank A to assume corresponding operated and 
released positions. The relay RA of the sub­
channel , whose character has just heen trans­
mitted , operates in unison with th(' distant SA 
relay so that, whik the character is being se­

l ected , relay RA is operated and remains oper­
ated during the ensuing revolution of thE' dis­

tributor brushes. Th P two relays RA and RB of 
each sub-channel control the circuit of the l ine 
extending out to the receiving:teleprinter in the 
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patron office. The circuit passes through contacts 
of the two relays and is closed to a fixed potential 
when both relays are in their released positions. 
When either relay is operated, the patron receiv­
ing line is disconnected from the fixed potential 
and connected to a local transmitting device, 
which is associated with each channel. This 
transmitting device (TA and TB of Fig. 7) con­
sists of an arrangement of vacuum tubes whose 
operation is controlled by contacts on the five 
receiving relavs of the respective banks A and 
B and by a segmented ring of the receiving dis­
tributor known as the simplex ring. 

With relay RA in its operated position, im­
pulses furnished by the simplex ring segments 
actuate the input circuit of the vacuum tube 
unit TA in accordance with the selected character 
stored in receiving bank A., thereby causing a 

signal combination to be transmitted over the 
line to the patron office. This signal actuates the 
selecting mechanism of the receiving teleprinter, 
causing the character to be printed. The charac­

. ter could similarly have been sent over the B 
channel by means of relays SB and RB. :\Jo 
distinction is made with respect to channels in the 
transmission of characters from sub-channel 
transmitters. Successive characters are trans­
mitted alternately over the two channels, one 
character being supplied by each sub-channel in 
turn . .  \fter all have transmitted on character the 
cycle is repeated. Successive characters from any 
particular sub-channel rn<1 y be sent over either 
channel. 

The relays SA and SB constitute the so-called 
"sending chain" and the relays RA and RB the 
' 'receiving chain." They operate in the cyclic 

Fig. 5- Varioplex Central Ojfice equipment q,ssociatf!d directly with the main line circu1:t. 
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Fig. 6-]i.iechanical details of Varioplex distributor. 

manner characteristic of that type of relay circuit 
commonly known as a counting chain. As shown 
in Fig. 7, the two groups of relays are associated 
with individual sub-channels in the horizontal 
rows and with individual channels in the vertical 
rows. For circuits having three channels a third 
vertical row of relays SC would be used while, 
for a four-channel circuit, there would similarly 
he a fourth row of relays SD. The sending and 
receiving chains arc identical in their mode of 
operation and in the following description refer­
ences to relays SA, SB and SCO apply likewise 
to the relays RA, RB and RCO. The relays SCO 
and RCO are necessarily included in the descrip­
tion , since they control the operation of the 
chain relays. 

A local ring of the distributor furnishes two 
impulses per revolution for the operation of the 
chain relays. One operates relays SA and the 
other relays SR. Similarly for three- and four­
channel installations a distinct impulse is used 
for each group of relays associated with a chan­
nel .  Each chain relay is provided with a locking 
circuit and remains in the operated position after 
being actuated by the local impulse. The circuit 
is arranged so that, whenever any chain relay is 
actuated , any other previously operated relay in 
the same vertical row is released . Thus, there is 
never more than one SA and one SB relay in an 
operated position at the samp time. The circuit 
is likewise arranged so that not more than one 
relay can be operated in the same horizontal row. 
If all eight sub-channels shown in Fig. 7 were 
transmitting, chain relays would operate pro-

gressively upward , starting with No. 8 and its 
relay SB in the following- order : 

Re-v. Rev. Rev. Rev. Rev. 
No. l No. 2 No. J No. 4 No. 5 

______ , ___ ___ ___ ___ __ _ 

Channel A 
Channel B 

SA-7 S.\-5 
SB-8 SB-6 SB-4 

SA-3 SA-1 
SB- 2 I SB-8 

---·--- --- ·-- -�--�--�--

In the four revolutions of the brushes each sub­
channel would then have transmitted one charac­
ter. The cycle of operations is then repeated and 
this sequence continues as long as perforated tape 
is supplied to each transmitter through the opera­
tion of the sending teleprinters at the patron 
offices. 

As previously mentioned, the SCO relays con­
trol the operation of their associated chain relays. 
The manner of control is such that the pair of 
chain relays associated ·with an SCO relay may 
be removed from the chain operating- circuit, 
causing them to become inoperative. Such "re­
moval" of a pair of chain relays does not affect 
the others. They continue to function as before. 
This action is effected hy switching the chain 
impulse circuits at the contacts of the SCO re­
lays, the chain relays being inoperative if the 
sending control relay SCO is in the released posi­
tion , and operative if in the operated position. 
Thus hy controlling the SCO relay so that it re­
mains operated if traffic is available at the trans­
mitter, and released when traffic is not available, 
the use of the main line circuit is shared only 
by those sub-channels capable of usefully em­
ploying the circuit facilities. 

The control of the SCO relay is obtained 
through a collating arrangement which "reads" 
the character in the transmitter, causing the 
sending control relay SCO to operate and release 
in accordance with the type of character. A sub­
channel is said to he "cut out" when its SCO 
relay is released and "cut  in" when its SCO is 
operated . Cut-in and cut-out operations occur in 
such manner that the chain continues its normal 
sequence, the only effect being to shorten or 
lengthen its operating cycle. Since each cut-in 
sub-channel sends one character in each of these 
cycles, it is evident that the transmitting rate of 
any sub-channel decreases as other sub-channels 
are cut in and increases as they are cut out. When 
all but two are cut out the two chain relays_ re-
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mam m their operated positions and each sub­
channel then transmits continuously over the 
same channel and at the maximum channel 
speed. This is also the case if only one sub-channel 
is cut in, one channel then becoming idle since 
it is not practicable to increase the sub-channel 
speed beyond that of the channel speed. 

The continuous flow of characters arriving at 
the distant Station Y must be distributed to the 
patron receiving lines in the same order as they 
are transmitted at Station X. To insure this it 
is necessary that the receiving chain be made to 
operate in a cyclical manner identical to that of 
the sending chain. Since the two chains are alike 
in all operating respects, it is evident that 
this will occur if the receiving control relays 

VARIOPLEX 
STATION X 

DISTR. I s��::JI========= 

RCO are operated and released in exact corre­
spondence to that of the sending control relays 
sco. 

The control of RCO relays is effected through 
a circuit arrangement which automatically func­
tions whenever an SCO relay is to be operated or 
released. This circuit, together with its associated 
apparatus, is called the cut-in svstem. It func­
tions in response to information conveyed to it 
by the collating equipment associated with each 
transmitter. The latter determines when an oper­
ation or release of i ts associated control relay 
SCO is required and transmits this information 
to the cut-in mechanism. This causes the cut-in 
system to function and , upon the completion of 
its sequence of operations, the SCO and corre-
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Fig. 7-Schematic of two-channel or "double" type of Varioplex circuit. 
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Fig. 8-Tape transmitter. 

sponding R CO control relays will have heen 
placed in similar positions,  i .e . ,  both operated or 
both released , in accordance with the request 
signalle<l by the collating mechanism. The opera­
tion or release of the control relay SCO involves 

only local functions at Station X. The position­
ing of the distant control relay R CO involves the 

transmission of special signals over the line to 
Station Y. These signals must be distinguishahle 
from those normally received at Station Y, they 

must indicate the particular RCO relay to be 
actuate<l an<l , final ly ,  they must indicate whether 
the relay is to be operated or released . 

The cut-in mechanism is arranged so that each 
operation positions four SCO and four RCO re­

lays. These relays, therefore, are divided into 
groups of four, each group being assigne<l a dis­
tinct position at  a set. of contact studs of a 

magnetically-operated rotary switch. The rotary 
svvitch is provided ·with four contacting arms or 

wipers (in addition to those required for its 

control) and , as these \vipers step from one posi­
tion to the next, they successively engage the 

sets of contact studs associated with each group 
of relays. By means of similar switches at the 

two circuit terminals, each arranged to contact 

r:orresponding groups of SCO and R CO relays at 
simultaneous intervals of time,  it is possihle to 

indicate the particular group of relays to be acted 
upon by transmitting the special cut-in signal 
during the i nterval while the rotary switches are 

engaging the studs of the desired group of SCO 

and RCO relays. 

The rotan switches arc normally at rest at a 

starting or "home" position . A blank transmitted 

over the B channel furnishes the start signal for 

the distant RCO switch, causing it to start 

-stepping at the same instant the SCO switch is 

started . The blank is transmitted by the cut-in 

mechanism by diverting the B channel from its 

normal use during that revolution. \i\Then the 
sending and receiving rotary switches reach the 

position at which a cut-in operation is to be per­
formed , a second blank is transmitted over the 
B channel in the same manner as heforc . Follow­
ing this a signal combination called the " pattern" 
character is transmitted over the A channel hy 
the cut-in mechanism. J ust prior to its transmis­

.sion the four sending control relays SCO are 
positioned in accordance with the indications 
furnished by the collating circuits of the four 
sub-channels involved . \Vhile all four SCO relays 
are actuated hy the cut -in mechanism and may 
actually he changed to their opposite positions 
(operated relays released , and released relays 
operate<l ) ,  generally only one of the four requires 
a change, the others remaining in their prPvious 
position . Immediately following this positioning 
operation the A channel sending hank is switched 
from its normal circuit and four of its relays are 
connected to contacts of the four SCO relays. 
This causes the four sending relays to assume 
positions corresponding to those of the SCO re­
lays, thus transmitting a character in which the 
pattern of arrangement is displayed. 

The B channel receiving hank at Station Y is 
provided with a collating arrangement which 
' 'reads" the incoming characters and determines 
when a blank is received . A blank received while 
the rotary switch is resting at the stud position 
of some group of four RCO relays informs the 
cut-in mechanism that the next character to be 
receive<l on the A channel is a pattern character 

and causes the mechanism to perform a position­
ing operation analogous to that performed at the 
sending end . The four receiving control relays 
R CO arc thereby made to assume positions corre­
sponding to the pattern displayed by the received 
character, thus placing them in exact agreement 
with the four distant SCO relays. 

Follmving the pattern combination a second 
character called the "confirmation" is trans-
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mitted over the A channel. This character is 
identical to the pattern character except that 
the four pattern-displaying impulses are sent 
with reversed polarities. I ts function is to test 
the operations performed in response to the 
pattern character. It serves to check both the 
line transmission as well as the local operations 
at the receiving end of the circuit. The four RCO 
relays must be in exact agreement with the 
positions indicated by the confirmation character 
at the time this test is made. Should they not 
be in agreement a signal is immediately trans­
mitted back to the sending station causing all 
further operation to stop. Audible and visible 
signals simultaneously inform the circuit at­
tendants of the nature of the trouble after which 
operation is restarted manually if inspection re­
veals no further evidence of the trouble. Such 
circuit stoppage causes all SCO and RCO relays 
to be released so that, when operation is subse­
quently started, pattern and confirmation signals 
are transmitted for all groups, thus insuring a 
proper positioning of all relays at the start. 

The cut-in mechanism also provides means for 
operating or releasing relays other than SCO 
and RCO. These other relays are controlled from 
a certain group of studs on the rotary switches 
and provide special monitorial or circuit control 
features. One of these is the "home-stop· •  func­
tion which, when operated , causes transmission 
to stop from the station whence the signal is sent. 
Another, known as the "distant-stop," similarly 
causes transmission to stop from the opposite or 
distant terminal. 

These signals permit manual stoppage of oper­
ation in either direction and from either terminal. 
They introduce no errors in the messages being 
received ; hence they may be operated at any 

time desired. Stoppage of operation over the 
main line circuit does not necessitate stoppage of 
transmission from patron offices. Since most of 
these stoppages are of short duration, usually a 
matter of a few seconds, patrons are not in 
general aware of them at a l l. :\ny signals trans­
mitted from patron offices during such stoppages 
are recorded in perforated tape in the normal 
manner. The tape, however, does not pass 
through the transmitter until the main line oper­
ation is again started. On occasions where a pro­
longed stoppage is necessary, a special signal is 
used to inform patrons that normal operation 
has been interrupted. This signal does not pre­
vent the patron from transmitting should he so 
desire, but merely informs him that any subse­
quent transmission is subject to delay at the 
central office. All Varioplex circuits, however, are 
provided with spare main line facilities, spare 
units of equipment etc . ,  and extended delays or 
interruptions rarely occur. 

The ten years that have passed since the first 
Varioplex circuit was installed have seen a sub­
stantial growth, both in the number of circuits 
installed, and in the total number of sub-channels. 
Today there are more than 50 Varioplex circuits 
of various types and more than 500 sub-channels. 
They form a network which extends over the 
entire U. S. A. Many improvements have been 
made during this period, both in design and in 
principles of operation. What the future may 
hold in the way of further improvements or 
further growth is difficult to predict. 

The Varioplex, without question, fulfills a 
unique need in the telegraph field and we may 
reasonably assume that the expansion program, 
now temporarily halted, will again be resumed 
after the war. 

www.americanradiohistory.com

www.americanradiohistory.com


Transit Time and Space-Charge in a Plane Diode 
By L�ON BRILLOUIN 

Columbia University, New York, N Y. 
Consultinf!. Eni;ineer, Federal Telephone and Radio Laboratories, New York, N. Y. 

Editor's Note: This study comprises two parts: I-discussion of transit time and space-charge in a 
plane diode; II-consideration of the problem of dispersion of transit times for a diode (1) without space­
charge and (2) with space-charge. 
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I 
Introduction 

ISCUSSION of the problem of conven­
tional triodes operated at high frequen­
cies would appear to require certain 

reliable information relative to the role of space­
charge effects between cathode and grid during 
short current discharges. This information can 
he derived hy studying the behavior of diodes. 
The present article is confined to consideration 
of the case of the plane diode ; exact formulas 
are developed for the beginning and the end of 
the discharge when the space-charge does not 
completely occupy the cathode-anode interval, 
but moves towards the anode (beginning of dis­
charge) or recedes towards the cathode (end of 
discharge) . So far as the present author is aware 
this problem has not previously been completely 
and accurately considered, notwithstanding the 
fact that its solution should prove valuable m 

the comprehension of triode phenomena. The 
problem is, essentially, the one discussed by 
C. C. Wang (P. I. R. E.,  April, 194 1 ,  pp. 200-

213 ,  "Large Signal High-Frequency Electronics 
of Thermionic Vacuum Tubes") , but his theory 
is hard to follow and seems open to very serious 
shortcomings. 

I .  Plane Problem,, Without Saturation 

A plane cathode, located at x = 0, emits elec­
trons without initial velocity. As usually as­
sumed, the field E on the cathode is zero but 
may become positive. The assumption that satu­
ration is not reached merely excludes the possi­
bility of any negative electric field E on the 
cathode.1 The plane anode is located at x = d 
and has a potential V(t). One may consider x 

and t as independent variables, but it is often 
more convenient to follow the motion of an elec­
tron leaving the cathode at to, and to consider 
the position x, velocity x, electric field E as 
functions of to and t 

t = to + T. (1 ) 
T is the transit time for the electron between 

0 and x(to. t) . One must, however, distinguish 
between the regions where there is a space-charge 
and those which cannot be reached by any elec­
tron. We shall limit ourselves to problems where 
the space charge extends from 0 to xz(t) , possibly 
leaving a charge free sheet between xz(t) and d 
in front of the anode 

I .  O <x < x1(t) p(x, t) <O electronic } 
charge density . 

I I .  xz � x � d  p = O  
(2) 

1 A negative electric field would give a positive force on 
a negatively charged electron. 

1 10 
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The fundamental system of Maxwell's equa­
tions reads as follows, in M. K. S. Giorgi units : 

J(t) = px+eo
a
a
� , 

(dE\ _ (aE) 
+ 

( dx) (a E') dt) to const, - ,7ii Xconst. \dt I to ax lconst. 

= - +x- = -J(t) , 
(aE) .p 1 

at x Eo EQ (9) 

J(t) total current density 
px electronic current density 

aJ 
div J = - = 0  ax 

making use of (8) and (3) . This is a fundamental 
(3) relation, which enables one to compute the field 

distribution (variables lo · t) in the first region 
x < xz(t) which electrons can reach 

aE
d . I d 

. 
eoat tsp acement current ens1ty 

Hence, J is a function of t only and, at each 
instant, t, it is constant between cathode and 
anode. 

curl H = J(t) , div H= O (4) 

and its solution is 

Also 
aH 

curl E =  - µo­at · (6) 

Assuming the electric field contains only an x 
component, this means 

Hence, 

The first term2 is usually so small that it can 
practically be neglected and we are left with an 
electric field Ex(X · t) uniform in the whole yz 
directions. Then 

d
. 

E 
aEx p 

lV = - = ­
ax Eo 1 

p space charge. (8) 

I .et us now assume that we observe the field 
E(x · t) while following the motion of an electron 
emitted at t0• This means taking x(to · t) and com­
puting the time derivative of the field : 

2 This first term corresponds to the "skin effect" and 

would lead to a non-uniform current distribution with J 
and E functions of r. 

E (to, t) = - J(t)dt+E(O, t0) . 
lft 
Eo to 

(10) 

E (O, t0) is the field of the cathode (x = 0) at the 
time t = to when the electron is emitted. This 
field is usually zero, but may become positive 
when electrons previously emitted happen to 
fall back on the cathode. These equations (9) 
and (10) completely solve the problem in the 
space-charge region I .  

The total current J(t) being given 

E(to · t) is given by (10) 
mi (to, t) = eE(t0, t) 

is the equation of motion, hence 

x = - E(to · t)dt, 
eft 
m . 

'• 
·1' 1 

x(to, t) =J xdt. 
lo 

( 1 1 )  

(12)  

Thus the problem is solved by three integrations 
(10) ,  (11) ,  ( 12 ) ,  yielding E, x and x as functions 
of t0 and t (Llewellyn's procedure) . 

I I . X1(t) � x � d. 

In the charge free region the solution is dif­
ferent. The field must be a function of time only, 
and equal to the value E(x1, t) it obtains at the 
limit x1(t) . Furthermore, 

Hence 

(
. aE J t) = eo- · at 

aE(xz · t) 
at !J(t) . 

Eo 
( 13) 

www.americanradiohistory.com

www.americanradiohistory.com


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

This charge free region may or may not exist, 
depending on the time variation of the total 
current J. 

The general method is the following : instead 
of taking the potential of the anode V(t) as a 
function of time, we shall assume a certain law 
of variation 1(1) for the total current flowing 
through the tube. \Ve then compute E, x, x, xz,  
and try to solve the relation (12) inversely, 
namely, from 

x = x(tu, t) ( 14) 

in an attempt to obtain to = f(x, t) , giving the 
instant t0 of emission of the electrons reaching x 
at t. If this can he done, we can substitute to in 
(10) and obtain E(x, t) from which we may com­
pute the difference of potential between cathode 
and anode at every instant t. 

2. Beµ;inninµ; o.f an Electronic Current 

As indicated hy the discussion of the preceding 
section, we must start from a given J(t) law 
for the total current. Let us first assume 

J(t) = lo < O ,  constant total current, ( 1 5) 

which admits of different solutions. 
Note : The J0 value must he negative in order 

to be able to correspond to a flow of negative 
electrons. 

A. No SPACE CHARGE 

From (13) we obtain 

1 E =  ··lo · t+Eo. Eo ( 16) 

Solution is possible as long as E is positive, 
preventing escaping of electrons from the cath­
ode. If we take Ea = 0 this means negative time t, 
and the voltage of the anode is 

B. SPACE CHARGE 

Starting at t = 0, equation (17 )  would yield a 
negative field on the cathode, which is contrary 
to our general assumptions. Electrons leaving 
the cathode at io = O  build the boundary layer 
x1(0, t) of the space-charge region I .  On account 
of the continuity of the field, the electric field 
acting on these limit electrons is the same as in 
the charge free region, namely ( 17 ) ,  and their 
motion is 

e X z = -Jot eom 
e t2 Xz = -Jo­Eom 2 

e t3 X 1 = -Jo- · eom 6 

( 18) 

No integration constants are involved since these 
electrons are emitted at x = 0 with x = 0 at the 
time t = 0. This boundary layer reaches the anode 
at the time t1 

- (16eomd) l t 1 - --
eJo 

(19) 

and for t > tz the space charge completely fills 
the diode. \Ve must now investigate the field 
distribution inside the space charge during the 
time interval 0 � t � tz in order to obtain the 
corresponding variation of the plate voltage. 
Here equations ( 10) ,  (1 1 ) ,  ( 1 2) are used. 

1 E(to, t) = -Jo(t - to) , Eo (20) 

where the constant of integration is chosen to 
give E = 0 on the cathode, for electrons leaving 
the cathode at to. 

x =_!__Jo (t -to)2 ' meo 2 

which also gives i = O  on the cathode at to. 

e (t - to)3 
x = -Jo--- , mr:o 6 

(21 )  

(22) 

V = - Ed = _ !__Totd Eo (1 7) yielding x = 0 at t0• Solving equation (22) : 

1 E = -Jo · t  t < O. €0 

Herc the tube functions as a condenser under 
constant current but cannot continue indefinitely 
because of an infinite increase of potential. 

(6me0 ) t  to = t - --x
. 

, 
elo 

T = ('6meox) i  
eJo 

t = to+ T 
(23) 

and we may write the field (20) as a function of 
x, t. 
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I n  region I 

E(x, t) = Jo(6meox) l = (6m)' l(Jo)\i, Eo eJo e eo 
O < x <x1. (24) 

The potential difference throughout the space­
charge is :  

{"'z (6m) ! ( J0) i3 V(x1, t) = -Jo Edx = - e \;- 4xz1 

= - (6m) t(J0) *�(�)\4, e . Eo 4 6eom 
using (18) 

V(xz, t) = -� (J0 ) 2t4• 8m Eo , (25) 

The minus sign gives a positive potential, as 
the electronic charge e is negative. In order to 
obtain the potential of the anode, we must add 
the potential difference through the charge free 
region ; hence 

7 e (J0) 2 1 i (d, t) = -- - t4 --Jot(d -xz) Sm Eo eo 

V(d · t) = +1- � (J0)2t4 - J0td. (26) 24 m Eo Eo 
This formula will be used for 0 < t < t 1, eq ua ti on 
( 19) .  At the final instant tz, the time derivative 
of V is zero and the plate voltage reaches a 
maximum. 

For all later time, the situation is stable, with 
constant current and constant anode voltage, 
which is exactly the same as in the usual Lang­
muir theory. If we take (26) with 

ti = (6eomd) l 
eJo 

from (19) , we obtain the well-known result 
(Langmuir) 

V(d, t z) = V(d) = +�(�0) t( ��)d! > O. (27) 

The results are explained on Fig. 1. Electrons 
start leaving the cathode at t = 0 and reach the 
anode at t z ;  hence tz is the transit time for the 
first electrons. In this special example this first 
transit time happens to be equal to the transit 
time T in the stable state. This is immediately 

-J 

- TOTAL CURRENT 

- - - CLCCTRONIC CUR RENT LEAVING THE CATHODE 

• • ELECTRONIC CURRENT A R R I V I N G  ON THE ANODE 

ti TRANSIT T I M E  

V ANODE 

Fig. 1. 

seen by comparing t1, equation (19) ,  with the 
transit time given by (23) for the case x = d (see 
Fig. 1). 

3. Another Example of the Beginning of an 
Electronic Current 

The preceding example yields a very special 
case of voltage curve, which will be realized only 
under exceptional circumstances. A more general 
solution is obtained by taking 

J(t) = eo(A +Bt) , A <O, B < O  (28) 

which, by a suitable change of time origin, dis­
penses with the constant coefficient A. 'vVe prefer 
to retain the equation (28) as it stands, and to 
use t = 0 as the instant when the anode voltage 
becomes positive, which means the instant when 
the first electrons leave the cathode. 

For negative times, there is no space-charge 
and the solution is formulated similarly to (16) 
and ( 1 7) : 

(29) 
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No integration constant is included in these for­
mulas since E and Y are assumed to be naught 
at t = O. 

For positive time t, a space-charge extends to 
a limit x1(t) . Equations (29) still give the field 
in the charge free region ; hence on the :first layer 
of electrons, equations ( 18) are replaced by 

t 1=�x1 =E=At+B�l 
. m . t2 t3 �1 =-Xz =A-+B- r ·  e 2 6 

m t3 t4 j �1 =ex1 =A6+Bz4 

(30) 

No integration constants are needed here. It will 

simplifv the formulas to use �=�x consistently , e 
for all distance measurements (x>O  means �<O). 
The anode distance wil l  he designated 

o =md<O 
e 

(31 ) 

in the same l}nits. The time fz at which the first 
electrons reach the anode is now given by 

(32) 

a relation which can be discussed numerically. 
For electrons inside the space-charge, we refer 

to equations (10),  ( 1 1 ) ,  (12) or their application 
in (21 ) ,  (25). Let us call lo the time of emission of 
the electrons, and write 

J -=A +Bt=A +Bto+B(t- io) ; Eo 
then by three integrations : 

E = (A +  Bto) (t - io) +�(t - t0)2 

� A �Bt0(t - to)2+�(t - lo)3 (33) 

A+Bto B � 6 (t -!0)•+24(t-lo)4 
(t - to = T transit time) 

where the integration constants have been ad­
justed to yield E = � = � = 0 on the filament 
(t = to) . W c want to compute the potential dif­
ference through the space-charge layer ; this can 
be performed in the following way: 

V= -.[�
0
E1dx= -�l�Etd� 

IT ' ()
�
) 

= _ .!!_ Ei(- dT, 
m 0 aT t 

(34) 

where E1 is the field at given time t (for any 

variable l-0 or x) , and (a T means the partial 
a� ) 

' t 
derivative of � at constant time t. Let us then 
rewrite � and E as a function of t, T instead of 
to. T: 

E =  (A +Bt0)T+�T2= (A +Bt)T-B[2 

� =A +BtoT3
+ 

B T4 =A +Btya _ _!BT4 6 24 6 8 (!!.l) =A + Bt T2 _ _!BT3 ,aT t 2 2 
Hence 

-�V(t, T) 

= lT(A+Bt-B
2
T) (A+Bt-BT)�8dT 

= (A +Bt)2T4 -3B (A +Bt) T5+ B2T6 
8 20 24 . 

(35) 

(36) 

V(t, T) is the potential , at time t, for the point 
reached by electrons which leave the cathode at 
t0 = t - T. V is zero for T=O as it should be. 

In order to obtain the potential of the anode 
during the transition period, we must first use 
(36) throughout the space-charge, i .e. ,  putting 
t =  T, as the first layer of the space-charge is the 
one which leaves the catho.de at to = O. 

m -e v.p.-charge 

(A � Bt) 2 t4 -��(A + Bt)t5 + ��t6 

=A 2t4+_!_ABts+_!_B2t6 
8 10 60 

. (37) 

Adding the voltage difference through the charge 
free region (eq. 29 for the field) we obtain the 
anode voltage 

-� Tf - (A 2/1+_!_AB •+_!_B2 6') 
e � anode - , S 10 f 60 

t . f2) + ( At+B2 (o - �z) , 
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where �1 results from (30) . 

- � Vanode= _ _!__A2t4-_!__ABt5 e 24 40 
(38) 

giving the anode potential for 0 < t  � t1• After t 1  
the space-charge completely fills up the cathode­
anode interval and the utilizable formulas are 
(35) and (36) , which summarize the relations 
inside the space-charge : 

'!!!:a = o = A +Btrs _§...T4 
e 6 8 

= J(t) p _ _!__ dJ T4 . (39) 6eo 8eo dt 
_ m V= J2(t) T4- 3J dJ T5+_I!_(dJ)2 

e 8eo2 20eo2 dt 24eo� dt 
These formulas have been rewritten as functions 

of J(t) , � being taken a t  the time t when the 

voltage V is measured. T is the transit time t - to 
for the electrons reaching the anode at that same 
time t. The first equation (39) yields T, and this 
value transferred into the second equation (39) 
gives the anode voltage V. The difficulty occurs 
in solving the first equation (39) . 

The same equations can be reformulated. We 
have assumed a linear time dependence for the 
current ; hence 

and 

J(t) -�TdJ = J(t- !J;T) 4 dt (40-A) 

The root a1 = 0.764 is very near £,  which is the 
coefficient in the first formula (40-B) ; hence 

_ m v""�4
3 TJ(t - 0.44T) , 

e Eo 

V""' _ 4
3d 

T J(t- 0.441') , Eo (41-A) 

/ I 
/ 

( E Q.321 

-- TOTAL CURRENT 

- - - ELECTRONIC CURRENT FROM CATHODE 

• • • ELECTRONIC CURRENT ON ANODE 

tt TRANSIT TIME FOR THE FIRST ELECTRON 

V ANODE 

.... 
,,,. .... 

(EQ.38) (EQ.44) 
lEQ. 29! 

Fig. 2. 

which should yield a good approximation to the 
actual value. Now [ 6eomd J l T = eJ(t - fT) ; (41-B) 
hence 

V"" _ 3d! (16m) � J(t -0 .44T) 
4eo� e ; [J(t - 0 .75T)]l 

"" �d3 (6m) 1 [!:_J(t - 0.29T)] , (41-C) 4 - e  Eo 
where we have again used expansions like (40) 
and regrouped the terms conveniently. In the 
case of constant current J, this yields the classical 
result (27) . 

The preceding formula strictly applies to the 
case of a current varying as a linear function of 
time, equation (28) , but equation (41-C) may 
be used also in the more general case of a current 
varying slowly in a time T equal to the transit 
time. The anode voltage V(t) should approxi­
mately follow the exponent (2/3) of the current 
variation at time t -0.29T, with T given by 
(41-B) . The results are explained in Fig. 2 .  
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On the cathode the field is zero for all positive 
times ; hence the current is purely electronic for 
t > 0. On the anode there is still a field E, for 
any positive time, and its time variation leaves 
a small displacement current ;  hence, for increas­
ing currents, the electronic current is always less 
than the total current. For decreasing voltage 
and current, the electronic current would be 
larger than the total current since the displace­
ment current would be negative. 

It is interesting to compute the electronic cur­
rent on the anode, and the shortest way to do it 
is to subtract the displacement current from the 
total current, and take 

(42) 

aE 
Computing at at a given point x = d, formula 

(35) gives E as a function of t,  T; t, T should 
be connected by the condition � = const. 

BT 
3(A +Bt -BT) 

Hence, taking E from (35) (aE) 1aE) aE(dT) 
Tt Xconst. 

= ( Tt + aT dt "' 
=BT- (A +Bt -BT) 

BT 
X 3 (A +Bt -BT) (43-B) 

giving the electronic part of the anodic current 

Jelectronic = Eo(A +Bt) - Eof!BT 
= Eo(A +B[t - %T]) = J(t - �T) .  (44) 

This leads to the following conclusion : The 
anodic voltage V, equation (41-C) , corresponds 
to the total current at t - 0.29T, and the elec­
tronic part of the current is equal to the total 
current at t - 0.67T; hence the delay between 
voltage and electronic current is 0.38T when T is 
the transit time. The result should apply under 
almost any condition since it is independent of 
tht· B coefficient which gives the rate of change 
of the current. 

4. End of an Electronic Discharge 

The theory developed in the preceding section 
gives practical formulas for the beginning of an 
electronic discharge, as well as for the current­
voltage relation during the discharge if the tran­
sit times T are not too large. We must now 
investigate what happens at the end of an elec­
tronic discharge, where negative anode potentials 
will push the electronic space-charge back 
towards the cathode. 

Let us assume a total current 

J = EoB't, B' > O, (45) 

which represents a decreasing flow of electrons 
towards the anode. For negative times, we as­
sume the space-charge to fill the cathode-anode 
interval, and this will go on until a certain instant 
t1 when the last electrons reach the anode. Hence, 
for t < ti, we may use formulas (33) to (36) of the 
preceding section . Let us rewrite them here, with 
the variables t, T, which means that every quan­
tity is given at time t for the position � reached 
by electrons leaving the cathode at to = t - T:  

Hf,  T) = B�T3
(t -!T)l 

to = t - T  (46) 
Hf, T) = B�T2

(t - f!T) t ( t1 

E (t, T) = B'T (t - !T) 
m B"T4(t2 3 1 ·) -eV(t, T) = -4- 2 -5tT+6T· , t <O. 

�. E, V were already computed in (35) , (36) 
and � results from a similar transformation on 
(33) . I t  should be noted that � is the time deriva­
tive of { taken at constant to and not at con­
stant t. 

All these quantities do not become zero at the 
same instant, i .e . ,  various delays occur in the 
current or field values. Let us first compute the 
time t at which the last electrons reach the anode, 
that is. when the velocity on the anode is zero 

� = 0, t1 = iTi. 

� = o = 'l!!.d = B'T14(3_-�) = _ 
B'T14 

e 6 3 41 72 

or 

= -B1
1�8t14 � - 0.070B't14 (47) 

( md ) t 
ti =  - eB'0.07 . 
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x 

Fig. 3. 

o is negative on account of negative electric 
charge e. The transit time T1, for the last elec­
trons, differs materially from the transit time tz 

equation (32) , for the first electrons, a circum­
stance with important implications. 

Considering the cathode, we note that elec­
trons leave the catho<le during all negative times, 
and that the emission stops at t = O. (t = O. T = O, 
� = 0, � = 0  in equation 46.) 

For positive times electrons fall back on the 
cathode and, after !1, a gap is created between 
the electronic space-charge and the anode. Elec­
trons returning to the catho<le are characterized 
by 

� = 0 ;  

hence f2 = iT2 > 0  

and T2 transit time from cathode 
back to the cathode. 

l 
andJ 

(48) 

T . 
These electrons are emitted at - 42 and fall back 

h h d +3T. . h 1 . on t e cat o e at 4 wit a ve oc1ty 

�> 0 means a negative velocity because of -e. 
The last electrons to return to the cathode 

are those which are emitted at - t Tt, and reach 
the anode at 1 1 = �T1 according to (47) ; hence 
to = - ±T2 = - !T1 is the instant of emission. The 
instant these last electrons return to the cathode 
is given by 

3 3 
t2 =-T. = T1 =-l1 

4 - 2 ' (50) 

where t1 results from (47) (see Fig. 3) . For all 
negative times electrons leave the cathode, tak­
ing T = O  in equation (46) , we can obtain the 
field E or the potential V on the cathode. Both 
quantities are naught. 

For all positive times O < t < t2 conditions on 
the cathode are ob tained by taking t= !T  as in 
( 48) , which refers to an electron which falls back 
on the cathode. From (46) , we obtain 

which is a positive field attracting the electrons 
back to the cathode and, on th e cathode, corre­

sponds to a displacement current. 

(52) 

and the total current is EoB't ; hence the elec­
tronic part of the current is 1 /9 of the total 
current. The electronic reverse current is 

(53) 

Knowing the electronic current _and the ve­
locity we may compute the heat developed by 
bombardment :  

For the whole interval 0, t 2  the integration of Q 
yields 

(54) 

It is necessary to follow the motion of the last 
layer of electrons, which lose contact with the 
anode at t1, equation (47) , and impinge on the 

cathode at t2 =�t1 (50) . Their motion is given 

by (46) : 

with 

(55) 

according to (50) an<l Fig. 3 ;  hence B'( 1 ) a / 3 ) 
;; l = -- t + -ti l t --ti . 
� 24 , 2 . \ 2 ; 

(56) 
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On this last layer of the space-charge the field 
is computed from (46) and (55) . 

E = B'T(t -�T) = B'(t+�t1) Gt -�t1) B' , t 2) = 1 (t2 - l , ·  
(57) 

The same value of the field is found throughout 
the gap which exists between the space-charge 
and the anode, and the corresponding displace­
ment current accounts for the imposed J value 
(45) . 

\Ve must now turn to the computation of the 
voltage distribution at a given time t1 � t � t2. 
The original voltage formula V of (46) is correct 
for t < O  when the cathode corresponds to T = O  
and thus V = 0.  For positive times we already 
noted that the cathode corresponds to t = ! T as 
in ( 48) ,  since electrons then return to the cathode 
at this time. Accordingly we must modify our 
former computation of equations (34) , (36) and 
write 

Jx e [r ( a� )  V= - E1dx= -- Et - dT 
x =O m, T =�t iJT t 

=!__ {�1E1(.3-) dZ. m.!r aT 1 

Hence 

-mV(t, T) = - ( l1B12 (t - !_) (t - T) T3dT e .JT 2 2 
B" r�t I " rs) = -2 Jr (t2T3 -�tT4+-:z dT, 

-- V= - t"- --tT5+-tit B" / "T'1 3 T6 I �I 
e 4 2 5 6 T 

(58) 

(59) 

This formula can be used to compute the anode 
voltage when O < t < t1, since during that interval 
the space-charge still fills the cathode-anode 
interval. For ti < t < t2 the formula is applicable 
for computing the potential difference through 
the space-charge which extends up to T = t + !t1, 
according to (55) , with the addition of -E (d -x1) 
\vith E taken from (57) because of the voltage 
across the gap. The result is rather complicated 
and hard to discuss and we will, therefore, con-

fine ourselves to the computation of a few special 
points, t = 0, ti and t2. 

For t = O  both formulas (46) and (59) yield B!2 - � V = -T6 and can be used with o = �d e a 24 e B' ( Bmd ) t  = -8T4 and T =  - eB', 
. Hence 

V =B'd( 8md ) � = 2-fl.B'd( md ) ! t = 0. (60) ao 3 - eB' 3 - eB' ' 

For t = ti, we must use (59) with T1 = !ti ; 
numerical computation yields 

-7 Va1 = - 0.028B"t61, t1 = (-o�� eB') 1, 

T' 2 .8B'd ( md ) ! ' a, = - 7 
0.07eB' 

( md ' t  
= - 0. 1B'd - eB') , 

a very small negative value. 

(61) 

For t ?o t2 the space-charge disappears and we 
simply have the electrostatic field (5 7) ; hence 

V = - B'd(t2 _ t12) a 2 4 ' 

which for t = !2 = !tr yields 

T - I 2 - -- ! m 1 ( d ) } l 02 - -B dt1 - - �0. 7B d - eB' ( md )i = - 0.83B'd -eB; · 

(62) 

(63) 

These points arc useful in drawing a smooth 
curve joining the J! curve, equation (44) , valid 
for t < O, with the t2 curve (62) for t > t2 (see lower 
curve of Fig. 4) . Current values are plotted on 
the upper half of Fig. 4, showing the electronic 
currents on anode and cathode, and the total 
current as a straight line. Displacement current 
represents the difference between total and elec­
tronic current. 

.I). Reproduction of a Given Voltage Curve 

The results obtained in the preceding sections 
make it possible to predict, at least approxi­
mately, the electronic curn�nt resulting from a 
given voltage applied at the anode. Let us postu­
late, for instance, ·a sinusoidal voltage law 

V= U sin wt. 
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\Vhen the voltage is  negative, there is practically 
no electronic current (but for a short time­
interval at the end of the discharge) . Consider 
the conditions at the beginning of the discharge, 
for small positive t, using the results of section 3 .  
We must choose both coefficients A and B, and 
we may do so by taking 

t = O, dV  
dt = Uw, 

Vi = Uwtz, 

(65-A) 

(65-B) 

which yield an initial part of the curve (Fig. 2) 
very close to a straight line. This procedure is 

reasonable provided t z is much smaller than 
27r 

• w 
Now, from (38) 

(dV) = -Ad dt t=O 
' A = - Uw 

d (66) 

and from (32) , (39) , taking x=d, �z = o  

6md=At13+�t14=At13 (, 1 +  Btz) 
e 4 4A. 

-m V _ _!_(A2 4+'!.ABt s+2B2t 6) 
e 

z - 8 11 5 z , 15 z (67) 

or 

= 
A2t14 [l +

'!_Bt1 +2(Bt1
)
2J 

8 5 A 15 A 

6dt1 l +��+ 1
2
5 e Bt Vi= --A �= Az · (68) 

8 
1 +!� 

4 

Making use of (66) we may write condition 
(65-B) as follows : 

U 1+��+1
2
5 �2] = 1 +�� 

__!_�2+ (·:?_ _ _!_) 1: -!= o 
10 5 4 ., 4 
�2 +3.5�- 2 .5 = 0  

� =  - 1 .75±��3.52+ 10=  - 1 .75±�"22.25 
= - 1 .75±2.35. 

� must be positive ; hence 

� =�1 = 0.6. (69) 

Turning back to the first equation (67) , it 

now becomes 

hence : 

6m d =At13(1 +o. 1 5) ; 
e 

l z = (S.2md) != (
'S.2md2

)
l, (70) eA -eUw 

which gives the transit time for the first electrons 
to reach the anode. 

In the middle part of the pulse, we can use the 
relation (41) and (44). As the current J is almost 
constant, near its maximum, 

and 

TOTAl. 

CURRENT 

T= ('6eomd) " , eJ , 

V=:?_d�( 6m) l(J) i = U, 
4 -e eo 

(7 1) 

· .  

• • �LATE ELECTRONS O N  ANODE 

- - -
\ 

ELECTRONS FALLING 

BACK ON C A T H O D E:  

Fig. 4. 

�J 

- TOTAL C U RRENT 

• • • ELECTRONIC CURRENT 
ON ANOOE 

- -- ELECTRONIC CURRENT 
ON CATHODE 
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The important factor, however, is not this transit 
time for the fastest electrons, hut the delay 
between maximum voltagf' and maximum elec­
tronic current, which, according to (44) , amounts 
to 

T' = 0.38T= 1 . 14d� rn · (72) - 2e U 

Conditions at the end of the discharge also 
may be obtained by adjusting the coefficient B' 
of section 4 in such a way as to fit the voltage 
curve. One ought to take the average slope of 
the curve through the points Fo, Vi, V2 of Fig. 4 
and equate it \Vith - Uw. Here. however, calcu­
lations are hardly necessary as this potential 
curve cuts the axis very near the point ti ,  which 
means that the anode potential is zero very 
shortly before the electronic current on the anode 
falls to zero. Hence, for practical purposes, volt­
age and anodic current on the anode reach zero 
simultaneously. 

An electronic discharge \Vith space-charge is 
characterized by the initial transit time t z ,  equa­
tion (70) , and the delay between maximum 
voltage and electronic current, equation (72) . 
Fig. 5 illustrates the general behavior. 

V A N O D E  

0 I 
I 

- TOTAL CURRENT 

• • • ELECTRONiC CURRENT Ofll ANODE 

--- ':LECTRONIC CURRENT ON CATHODE 

Fig. 5. 

TRANSIT TIMES IN DIODES AND THEIR 
DISPERSION 

I I  
Introduction 

If the transit time of electrons in a vacuum 
tube were a constant under all conditions, it 
could be compensated by a convenient phase 
shift on the voltages applied on the electrodes. 
Most of the difficulties involving transit times 
are due to the fact that they are not constant, 
but differ materially for electrons leaving the 
cathode at different instants. This dispersion of 
transit times is the problem considered in the 
following exposition : first for a vacuum tu he 
without space-charge and, second , for a tube 
with space-charge effect. The results are sum­
marized hy graphs and curves which reveal great 
differences in the behavior of both types of tubes. 

1 .  Diode Without Space- Charge 

If space-charge be neglected, the equation of 
motion of an electron is very easy to formulate. 
Let 

V= Vm sin wt, ( 1 )  

he  the voltage and field E in  a plane diode where 
the cathode-anode distance is d. Then the motion 
of an electron leaving the cathode (x = O) at to is 
given by 

·· k · t k = -
e Vm > O  · 0 x = " sm w ,  
rnd 

smce : e <  

± = - �(cos 0 - cos Oo) , O = wt, Oo = wlo 
w 

x = 
k
l(O -Oo) cos Oo - sin e+sin Oo]. . (2) w 

Assumption ( 1 )  corresponds to class C ampli­
fication, and the first electron to be emitted is 
the one leaving the cathode at t0 = 0. We shall 
compute the transit times, or, preferably stated, 
the transit phase angles. 

(3) 

ed being the angle e obtained from (2) for x = d, 
we shall select the following special cases : 
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I .  First electron 

I L  Medium electron 

I I I . Fastest electron 
IV. Last electron 

Fig. 1. 

Oo = O l 
Oo =1 . 
giving e' minim um J 

(4) 

The following- parameter occurs in all cases : 

A =
w2d 

= -� = 2 (wd)2 
k e V"' u 

with tmu2 = - e Vm. (5) 

!:::. fl' 
80° 

20" 

0 

� 

/ [......-""" 

I 
_,,,___. 

I 
I 

0.2 

I ' 

L.--i....---
--

I 

I 
I 

0.4 0.6 0.8 

u is the velocity of an electron passing through 
a static potential difference Vrn. A is a dimension­
less parameter. Equation (2) becomes 

A = (}' cos Oo - sin (Oo+O') +sin Oo. 

I .  First Electrons: Transit Phase A ngle 0'1 
Equation (6) yields 

l l .  �J;Jedium Electrons: O' n 

A =  l - cos O'u , 

I l l .  Fastest Electrons: O'm 

(6) 

(7 )  

(8) 

These fastest electrons are defined by the con­
dition 

do' 
dOo =O, 

cos (o'+Oo) +o' s in Oo - cos 00= 0. (9) 
IV. Last Electron: (}'iv 

The last electron reaches the anode with zero 
velocity ; hence equation (2) 

cos 0 = cos Oo, 

which means that this electron is emitted at 
O'rv O'rv Oo = 7r -2 and reaches the anode at 0 = 7r+2. 

Using these values in equation (6) , 

I 
' 

I 

1 .0  

' 

A 
, 011v+z . O'rv = - (}  rv cos 2 sm ---z· 

i IlFll 

Ill-I 
I 

1 .2  1.4 1.6 1 .8 

(10) 

-

2.0 

A 

Fig. 2. 
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These different relations are best treated in the 
following \Vay · first consider ()' as an independent 
variable, and draw the curves representing A 
as a function of (}', according to any one of 
equations (7) , (8) , (9) or (10) . 

These curves, with the exception of case I I I  
for which case V has been substituted as ex­
plained below, are reproduced in Fig. 1. It is 
easy to obtain the differences l:l8'n = 8'n - 8'1, for 
instance, corresponding to any given A value, 
and to plot the curves representing these dif­
ferences as functions of A (Fig. 2) . Now, A is 
proportional to w2 ; hence it  is only necessary to 
compute .,/A_ in order to obtain the curves for 
!:l8' as functions of frequency. The method is 
satisfactory in cases l ,  I I ,  IV, hut in case I I I  
(fastest electron) the solution of the two simul­
taneous equations (6) and (9) is rather cumber­
some. Hence, instead of discussing the ideal 
case l I J ,  the following one, V, has been selected : . 

r e' electrons leave the cathode at - - - and reach 
2 2 

r 8' the anode at -+- · 
2 2 

v. Jr - 8' 
80 = -2- · 8 = r+e' 

2 ' 
yielding 

A ' . 
IJ'

v = IJ V Slll - ·  . 2 
( 1 1 )  

The curves of Fig. 1 represent A as a function 
of 8' for the different cases, and Fig . 2 shows the 
difference 8'1v - 8'v or IJ'rv - 0'1 as functions of A ,  

0 4  0.8 LO 1 4  �wd::::-YA 
DIODE WITHOUT SPACE - CHARGE 

Fig. 3. 

i I / 
I l I o,_, / 

I I I I v,... I I I I 
I I YI 100• 

I I /v I I I 

I I I / I so• 

I / I ' � 
i y ! I ,or:.,..-/ so• 

// I � /v I I v ....... i I 
40° 

v � I 
/ 1  i ,,,. /[ I 
'Y"' I I I I fJLAST 

0.2 0.4 0.6 o.a 1 .0 1.2 -./A 1 .4 

DIODE WITH SPACE - CHARGE 

Fig. 4. 

which means w2• The very striking point in both 
curves of Fig. 2 is their sharp increase at the 
beginning. followed hy a very flat maximum 

0.2 <A < l.8,  1J'1v - IJ'v � so0, ( 12) 
IJ'1v - 0'1 � 1s0• 

This striking feature leads to the conclusion 
that tubes with small space-charge effects may 
exhibit almost constant efficiency for a large fre­
quency interval corresponding to ( 12) . 

0 .6 < / m
l .

wd < 1 .4. '\J j e Vm. 
(13) 

Such a comportment is very different from 
the one to be expected from tubes with large 
space-charge effect. Fig. 3 is a graph of Iii}' as a 
function of 
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2 .  Diode With Space-Charge 

A theoretical discussion of space-charge effect 
in a diode is given in part I with resulting for­
mulas : 
First electrons (section 5, equation 70) [ mw2d2J t 

, fh =wt 1= 5.2TeJU = (5 .2A) t, (14) 

where A is the same parameter as in equation (5) 
above. 
Medium electron (section 5 ,  equation 7 1) 

3 m- A eu = wT= v2wd� j e f  u = 3�z · (15) 
As pointed out in part I ,  the most important 

quantity in practice is not so much Ou but the 
phase shift between maximum voltage and maxi­
mum current. This amounts to 

Ov1 =0.380u �o.8\i'A, (16) 

according to the relation obtained in equation 
(72) of part I .  As for the last electrons, we noticed 
that they reach the anode a very short time after 
the anode voltage becomes zero ; hence the corre­
sponding phase shift is negligible. 

To obtain curves comparable with those of 
Fig. 3, the angles in degrees are measured and 
Fig. 4 plotted, 

01 = 1 .  73 180A *� 100( vfA) �. l 
7r ' 

180 ,-- 1- J Ovr =0.8---;-'\IA � 45'\IA . 
( 17) 

Comparison of Figs. 3 and 4 shows that the 
space-charge effect results in very serious increase 
in phase shifts, and does not exhibit any tendency 
towards the flat maximum of Fig. 3 .  l t  is evident, 
therefore, that the eJjiciency of tubes with large 
space-charge effect should decrease continuously 
with increasing jreg_uencv. 

Errata, Vol. 22, No. I, 1944 

PLASTICS-A BRIEF REVIEW OF THEIR PHYSICAL AND 
ELECTRICAL PROPERTIES 

The following changes should be made in the published article : 

Page 72 , Table I I  

Coefficient of thermal expansion °C. 

Page 73, Table l l l  
Volume resistivity ohms-cm. 

Page 77 , Table X l l l  
Coefficient of thermal expansion 

Page 79, Table XVl l  

For modulus of elasticity psi, substitute­
Tensile stress at 20% elongation psi 

Page 80, Table XVI I I  
Modulus of elasticity 

3.0-3.5 x 10-5 

Greater than 1014 

12 to 1 6X 10-5 

1 100, 1 100 and 1400 

35-41 X 104 
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Complex Transmission Line Network Analysis 
B-)' N. MARCHAND 

Federal Telephone and Radio Laboratories, New York, N. Y. 

Introduction 

TH IS paper outlines a method of reducing 
a complex transmission line network 
to a conventional transmission line 

circuit, permitting application of the ordinary 
equations with which the reader is assumed to 
he familiar. The method employs a number of 
theorems concerning the currents in co-axial and 
balanced transmission lines and on their shields. 
From these theorems the currents flowing in the 
lines arc determined and the equivalent circuits 
obtained . 

Grounds at U. H. F. 

It  must be emphasized that there is no fmch 
thing as a practical common ground at U. H .  F .  
A ground in  the lower frequency range i s  a line, 
a surface, or a volume, all points of which ahvays 
remain at exactly the same potential and phase. 
This is not feasable when the dimensions of the 
line, surface, or volume approach a large fraction 
of a wavelength. A bus bar in a broadcast 
receiver, for example, can he considered a ground 
line, hut at 100 megacycles it would he a trans­
mission line and would no longer have the same 
potential at all points. 

At U. H . F . ,  instead of grounds. consideration 
of the equilibrium conditions that must he main-

· 

tained on the transmission lines used in the 
circuits is required . Another important factor, 
as will be evident from the discussion, is the 
continuity of shield that must he maintained at 
all times in order to avoid coupling to extraneous 
currents. 

Co-axial Transmission Line Equilibrium 

Conditions 

The co-axial transmission line consists of a 
conducting wire conc�ntrically disposed in a 
hollow conducting tube filled with a dielectric, 
which may be air. In Fig. 1 two sectional views 
are shown of a co-axial transmission line with 

three currents, I1, I2, and Io, indicated in the 
side section . When a transmission line of this 
type has a shield which is well constructed, and 
is used above 50 megacycles , it can he assumed 
without loss of generality that the shield is 
perfect. This does not imply that it is a perfect 
conductor, hut rather that there is no coupling 
between the I 0 on the outside of the shield and 
the interior currents I1 and I2. This also means 
that the current I2 on the inside of the shield 
must be exactly equal and opposite to the current 
I1 on the inner conductor. The problem in the 
co-axial line, as regards maintaining proper 
equilibrium conditions, is to prevent any cou­
pling between the true currents I1 and I2 and 
the interfering or unbalancing current Io that 
might he inrluced on the outside of the shield . 
I t  is also important from power considerations 
to maintain constant surge impedances along 
the line. 

The first current theorem may now he stated : 
A .  The current on the inside of the shield of a 

well shielded co-a:xial transmission line is equal 
and op po site to the current on the inner conductor. 

Balanced Transmission Line Equilibrium 

Conditions 

The balanced transmission line consists of two 
parallel conductors (in a dielectric) which may 
or may not he surrounded by a symmetrically 
disposed shield . For shielding purposes, all bal­
anced transmission lines should be enclosed in a 
shield. Fig. 2 illustrates an end and side sectional 
view of such a line. I n  the side section are shown 
four currents, labeled Ii,  I2, Is, and Io. IB is the 
total resultant current flowing on the inside of 
the shield and Io is the total resultant current 
flowing on the outside of the shield . In a perfectly 
balanced line I1 would he equal and opposite to 
I2, and I3 would be zero. If I1 is not equal and 
opposite to I 2 ,  then I 3 will be equal and opposite 
to the vector sum of I1 and I2. This is indicated 
in Fig. 3 where I1 and I2 are not exactly 180 
degrees out of phase. Their sum is no longer zero 
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but equal to the unbalanced current Iv flowing I along the transmission lines. This Iv behaves as 2 
though it were a current flowing in a given 
direction along both of the transmission lines in 
parallel , considering them to be acting jointly 
as the inner conductor of a co-axial line with the 
return current flowing on the inside of the shield. 
This return current is designated as Ia. Io is 
again the extraneous current induced on the 
outside of the shield. The first problem encoun­
tered in maintaining the normal equilibrium 
conditions in a balanced transmission line is to 
keep I1 equal and opposite to I2 so that Jg will 
be zero ; and the second problem is to prevent Io 

from coupling into the transmission line at any 
point. Again from power considerations it is 
important to maintain the surge impedance 
along the line constant. 

From these considerations the second theorem 
is obtained : B. The current ffowing on the inside of the shield 
of a well shielded balanced transmission line is 
equal and opposite to the vector sum of the currents 
on the balanced lines. 

Continuity of Currents 

In a transmission line network there can be no 
accumulation of current at any point in the 
circuit provided that the point is considered as 
one having no physical dimensions. This leads 
to the following theorem : 

C. A t  any point in a transmission line network, 
the sum of all the currents flowing in and out of 
that point is zero. 

0 
END SECTION 

END SECTION 

pz;;;;zz�/2; 

r , _ 

J >?d 

I N N E R  CONDUCTOR 

Fig . 1-Co-axial transmission line. 

I1 - I  INNER --------�·�-� CONDUCTORS 
_ 1 ,  

.f?J????;) )c/)// ??J)c)/1 
-10 �SHIELD SIDE SECTION 

Fig.  2.-Balanced transmiss,ion line. 

........ ........ 
............ 

""""lll'i;.,,_----��'..,,,..1 , 

Fig. 3- [/nbalanced current in a balanced transmission line. 

This is an extremely valuable theorem in 

analyzing transmission line networks since it is 
thereby possible to determine whether or not 
an impedance is introduced in the circuit at any 
point. Depending on whether the current is a 
series current or a parallel branch current ,  the 
introduction of a series impedance or a parallel 
impedance is disclosed. 

From the impedance concept in transmission 
line circuits another theorem is obtained : 

D. If there are two equal and opposite currents 
flowing into a passive transmission line network it 
can be replaced by an impedance, the magnitude 
and phase of which may be a function of frequency. 

Break in Shield qf a Balanced Line 

Consider the case of a break in the continuity 
of shield of a balanced line such as shown at S 
in Fig. 4. I1s and I2B are the currents in the 
lines and I:rn is equal to the unbalanced current. 
If a plane is passed through the break S then 
from the current theorems : 

- I1B = I1B ' 

- Iw = Ii o  

- I3B' = Il 0 ' ·  

Since the unbalanced current I3B depends on 
the sum of Irn and hB, and I3B ' depends on the 
sum of I1B ' and I2n< 

Iw = f3n' ·  

From the current considerations i t  can be 

seen that the currents on the l ines continue 

straight through but that the unbalanced shield 

current is directly connected to the outside of 

the shield. 
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s 
Fi!!,. 4-Rreak in balanced line shield. 

OUTE R  S U R FACE 
OF S H I E L D  

r, o- 1 i - 1 1 0' 

I 3R I 3 8 1  

Fig. 5-Equivalent circuit of shield of Fig. 4. 

In Fig. 5 is shown the equivalent circuit of 
the broken shield . It is an antenna made up of 
the outside of the shield being fed at the break 
by the unbalanced current .  If the unbalanced 
current can he reduced to zero, then a break in 
the shield will not cause any coupling between 
the inside currents and the external currents. 
This is true since I3B, and hence 10 is zero. 

Break in the Shield q,f a Co-axial Line 

In Fig. 6 is shown a section of a co-axial line 
with a break in the shield at 0. In this case I1c 
and I2C are the co-axial currents and I10 the 
current on the outside of the shield . From the 
current theorems : 

I1c = - I1c' 

I1c = - I2C 

I2C = - I10 

Ii o  = - Iio · .  

Between the points B and C the equal and 
opposite currents 11 0 and IlO' can be considered 
as an effective two-terminal impedance. The 
equal and opposite currents I2c' and Iic' can 
also lead to an impedance between A and C. 

This results in the equivalent circuit shown in 
Fig. 7 where I2c' and I1c' are considered to be 
feeding a matched line of surge impedance Zo. 

Thus the break in the shield introduces a series 
antenna made up of the outside of the shield 
being fed at the break by the co-axial current 
itself. A break in the shield of a co-axial line 
always introduces unity coupling between the 
outside currents and the co-axial line currents. 

Analysis of Shielded Loop 

I n  Fig. 8 is shown a section of a shielded loop 
of mean diameter D which consists of a wire 
inside of a shield with the shield broken at the 
top of the loop at the point A A ' .  The loop is 
thus composed of two co-axial lines running 
between the points B and A and between the 
points B and A ' .  At the point B we have two 
currents lrn and l2B which are the currents in 
the balanced l ine entering the loop. Irn continues 
at the point B to become Iw and I2B continues 
to become the current lac. Iw will have an 
equal and opposite current flowing along the 
inside of its shield, shown as I2C. lac will have 
an equal and opposite current flowing along its 
shield, shown as I4c. If there is any difference 
between the currents Iw and lac it will result in 
an unbalanced current IaB flowing along the 
inside of the balanced shield. For IaB to be zero 
it must he shown that Iw is equal to lac. If the 
break in the loop is located at the center and if 
it is shown that the co-axial currents are equal 
at A A ' ,  it can be assumed that the currents Iw 

and lac at B vdll he equal so that no unbalanced 
current laB will flmv . 

First, at A ,  I6e flows into the break with an 
equal and opposite current Isc flowing on the 
inside of the shield . However, at the point A 
there is also a current I10 flowing outside the 
shield. Then, in accordance with Theorem C,  
110 must equal I0c. If the break is  very small 
I5c will he equal to the current shown as he. 
(Any stray capacity coupling is neglected . )  The 
inner shield current in equilibrium with I1c is 
noted as l8c, and it is observed that A' Isc must 
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equal the external current I2o- Thus, the follow­
ing equalities obtain : 

Isc = - Ioc 

[70 = - Isc 

Isc =  - I10 

Therefore, Iw = - I20-

Thus, as long as f5c has no place to flow other 
than to [70, it wil l  force a balance of I10 and I20-
This meant:; that if any similar parallel currents 
flow up the shield, such as currents that might 
be induced by mast effect, they wil l  encounter a 
very high impedance at the break AA' and 
consequently no current will flow beyond the 
break. On the other hand, the current induced 
in the loop wil l  be a circulating current wherein 
110 will be equal and opposite to 120- This induced 
loop current will therefore be unity coupled to 
the wire within the shield. In this manner the 
loop discriminates between the power picked up 
by the loop and the power pickup by the mast 
and loop acting as a vertical antenna. 

The Equivalent Circuit o.f the Shielded Loop 

In order to obtain the equivalent circuit of the 
shielded loop shown in Fig. 8,  a neutral plane 
N - N' should be passed through the center l ine 
of the loop. This simplification can always be 
used with a perfectly symmetrical circuit such 

,-L---=---=--=.o;i....:o:...._-==..:.::...--...>., TERMINATED I N  
SURGE IMPEDANCE Z0 

Fig. 6-Break in co-axial transmission line shield. 

t 
Fig. 7-Equivalent circuit of Fig. 6.  

N E T W O R K  

N 

Fig. 8-Seciion balanced loop showing currents. 

as the shielded loop. Fig. 9 illustrates the 
equivalent circuit.  The balanced line carrying 
the current Irn joins the co-axial line carrying 
the current Iw at the point B. The co-axial line 
then extends for a length equal to half the 

circumference of the balanced loop which is " D  · 
2 

At the end of the co-axial line which is at point 
A ,  the impedance ZA. is joined to the co-axial 
line. It is directly coupled since, as shown in 
Fig. 8, Iio continues directly to become f6c.  
Thus , between the points A and C, half the 
impedance of the antenna exists. ,\ similar 
analogy can be drawn for the other half of the 
loop. 

The impedance of the loop antenna itself is 
the impedance across AA' of the loop measured 
with the inner conductor removed. This im­
pedance is thus placed at the end of a " twin 
co-axial" type of balanced transmission line 
which has a characteristic impedance of twice 
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1 6_ 1._ 
?!'D 

5G- � I A · 2  
I I C  

N' >- : Zoe GJc N Z o e 

l2e- - I3c l7c- A' 

Fig. 9-Equivalent circuit oj Fig. 8. 

Zoe where Zoe is the surge impedance of each 
co-axial line. The halanced connecting line is 
joined to this twin line at the point B .  

Complex Networks 

In Fig. 10 is shown a complex network joining 
two transmission lines of surge impedance Zo. 
The far end of the transmission line is terminated 
in its surge impedance z(>. lt is desired to find 
the input impedance at the point ] at a distance 
L1 from the break in the inner shield . The hreak 
in the inner shield couples the input transmission 
line to a co-axial transmission line whose inner 
conductor is the shield of the input line and 
whose outer conductor is a large shielding 
cylinder. This "outer" transmission line has a 
surge impedance Zo1 . At a distance L 1  from the 
break in the shield ,  the transmission line of surge 
impedance Zo is joined to the outer l ine. The 
effect of the discontinuity caused hy the change 
in size is neglected . It is nmv necessary to set 
up the continuity of currents at points A ,  B, C 

/ / / / / 

v 

I L r 
L2 

I 
J 

/ 77 / / / / / ,  . /  / / / 
I I A -

I 

A 

and D. At the point A a current of Iu is entering 
while a current of Irn is leaving. At the point B 
two currents exist, I2A and Iw. At the point C 
there are also two currents, I2R and Irn. At the 
point D the currents are I2c and 120· Across the 
points FG a resistive load of value Zo is presented 
to the "outer" line since it is connected to a 
terminated transmission line of surge impedance 
Zo. 

., 

The following equalities exist : 

IlA = - Im 

I2B = - Iw 

Iu: =  - I2D 

I1A = - I2A. 

Irn = - I2B 

II C =  - I2G 
Iw = - I2D . 

I t  is now necessary to set up an equivalent 
circuit with current relationships as indicated 
above. From Fig. 1 0  it follows that AEC is a 
short-circuited l ine of length L3 and BHD is a 
short-circuited transmission line of length L2. 

Fig. 1 1  shows the equivalent circuit. Point J to 
point A represents a transmission line of surge 
impedance Z0• Across A C  there is a reactance 
made up of a shorted transmission line of length 

77 / / ;  
� 

L 3  
L4 

7777 / -a / / ,, -/ / / / ,,777 / / 

_ I IB � 
.. Zo-{ 12A - B C _ r 20 �F Zo-<{ " / / / / / / � � / / / / 777777 v < r ,c- - 1 1D v v H ZO I v I2c- o - 1 2 0 G 

/ / /  / / / /  / / 777 / / / /  

Fig. JO-Complex network. 
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Fig. Ji-Equivalent circuit of Fig. 10. 

La and surge impedance Zo ; across BD, a shorted 
transmission line of length L2 and surge im­
pedance Zo1 ; and across CD, a transmission line 
of surge impedance Zo1 and length L 4 that is 
terminated in a pure resistive impedance of Zo 

at the point FG. This is true because the input im­
pedance of a properly terminated transmission line 
can be considered to consist of a pure resistance 
of the value Z0 which is its surge impedance. 

Fig. 1 2  shows a simplified form of Fig. 1 1  
where the input impedance is calculated for a 
transmission line of length L 1  with a surge 
impedance of Zo. This transmission line in the 
equivalent circuit is terminated at the points 
AB in three series impedances : the input im­
pedance of the shorted transmission line AEC, 

N E T W O R K  A N A L Y S I S 1 29 

the input impedance of the shorted transmission 
line BHD, and the input impedance of the 
transmission line CFGD terminated in a resistive 
impedance Zo. From this figure the input im­
pedance at J may be calculated. 

I� 
Fig. 12-Simplified equivalent circuit of Fig. 10. 

Surnrnary 

This type of analysis of a complex network 
allows the insertion of all continuity currents in 
the network with the use of the equilibrium 
constants of balanced and co-axial transmission 
lines stated in the theorems. The equivalent 
network should then be set up in simplified form 
wherein the same c-urrent relationships must 
hold. If such is not the case, the circuits are not 

equivalent.  Once the equivalent transmission line 
network is obtained, l umped constants using 
the transmission l ine formulae can easily be 
substituted. 
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Cathodic Protection and Applications of Selenium Rectifiers 
Hy W. F. BONNER 

Federal Telephone and Radio Corporation, Newark, New .Jersey 

tacting soil or water anodic and the structure to 
be protected cathodic, thus entirely eliminating 
the loss of metal in the area. 

This practice, known as cathodic or counter­
electrolysis protection, has been in common usage 
on petroleum pipe lines since 1910 or there­
abouts, and it has also been successfully applied 
to a considerable variety of other structures. 
Obviously, a continuous and permanent source 
of low voltage direct current is needed for the 
operation of a cathodic protection installation. 
Throughout the development of the art, various 
types of current sources have been utilized : 
motor generator sets or copper oxide rectifiers 
associated 'vith available alternating current ; 
direct current generators operated by internal­
combustion engines, sometimes in conjunction 
with storage batteries, and similar expedients. 
In remote locations, in the absence of ·a power 
line, \vindmills have been used to operate small 
direct current generators. 

THE principles of galvanic corrosion have 
long been known. They are, briefly, 
that any metal, such as a steel pipe or 

a lead cable sheath or a storage tank, when 
placed in contact with an electrolytic substance 
like soil or water, sets up a flow of current similar 
to that which occurs inside a dry battery. A 
number of electric circuits are thus created which 
may follovv varied and unpredictable courses 
through the electrolyte : from the wall of a buried 
oil or gas pipe line to a fitting of dissimilar metal ; 
from a power or telephone cable to an adjacent 
conducting structure : between points in contact 
with different kinds of soil, etc. A few examples 
are shown in Fig. 1 .  There are also situations in 
which currents are caused to flow from an under­
ground structure as the result of stray currents 
from nearby electric railway systems. In either 
case, minute quantities of the metal continuously 
leave the pipe or sheath at points \vhere the 
current emerges from the metal (the anodes) . 
This causes pitting and wearing away of the 
metal at these areas with subsequent failure of 
pipe or cable. 

Advantages o.f Selenium Rectifiers 

There are, however, certain problems which 
Cathodic Protection continually arise, such as the maintenance of 

The obvious way to combat corrosion of the generators in places difficult of access, fluctuation 

metal at anodic points is to cause a reversal of of current from variation of temperature, and 

the current, making the entire area which it is variation of current needed due to change in 

desired to protect cathodic instead of anodic. moisture content of the soil with consequent loss 

One way to do this is to establish in contact of efficiency of some rectifier units. All of these 

with the metal to be protected a galvanic anode problems have not always been solved by the 
of a metal which is higher in the electromotive devices previously in use. 
series. Zinc, being higher on the galvanic scale These difficulties have largely been overcome 
than iron, makes the iron cathodic and has been by the use of Selenium Rectifiers as a current 
utilized for this purpose since the middle of the source. They may be enclosed in units which are 
last century, although it is now largely confined light, compact, portable and suitable for pole 
to the protection of the hulls of marine vessels. mounting and similar applications. Furthermore, 
Moreover, it has been found that the most effi- their operation is substantially uniform even 
cient and economic method of countering the though subjected to the wide temperature fluc­
corroding current is to cause a direct cur- tuations encountered in outdoor use, as shown 
rent to flow from an outside source, through the by the temperature curve in Fig. 2 . Moreover, 
metal and the electrolyte, in the opposite direc- the efficiency of Selenium Rectifiers remains sub­
tion so that the net effect is to make the con- stantially constant through comparatively large 
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load variations (see Fig. 3) ,  thereby keeping at 
a minimum power losses due to seasonal or other 
changes in current requirements. Advantageous 
also is absence of moving parts, obvia ting the 
necessity of frequent maintenance check-ups ; 
and, now that power lines have been extended 
by the Rural Electrification Administration to 
substantially every cross-road throughout the 
rtation, Selenium Rectifiers can be utilized to 
produce direct current for cathodic protection 
on an increasing variety of structures. A unit 
embodying Selenium Rectifiers suitable for out­
door use is shown in Fig. 4. 

Corrosion caused by mixture of different soils 

COQ.11,0SION DUE. To tllfFUlENT 1"t'Pf.S QF SOIL THAT ttA"Vf BfEN M l k f O  AS A. 
R E S U LT O f  lJ.CAVATIMG. /\ND &ACKFILl.IHG, 61:tAtl\MO, Qf.CLAIMINU WASTf. LANO 

r1. � 

Corrosion due to galvanic actton of cinders 
and acid from cinders 

CINOER.5 t� llU SOIL MA."f CAUSf SEVfRE COA.Q.OSION IN TWO WA'fS ! 
(1) OIAECT CON"TAC.T , .SEHING. UP ACTIVt. GALVANIC. CELLS 

{2) ;:iULPHUA.IC ACID FAOM C1NOfR A&OVf. PIPt CA'Ullt.0 OOWJ.i THllOUCllll nu SOIL TO PIPE SURfACt. ltY SOii,. WATER'S 

Corrosion caused by scarring and threading 
of iron pipe 

UPOSED BRIGHT sua.FACE 15 uSUAt.l.Y AN001C TO SALAM.Ct! Of 

5UllfAC:E . RAfllO COQ:A0$10N MAY Rf.S\.l�T IN C.OllQOSl\Vi; SOILS 

NOT£ · A  GA1.VA.'" 1:r.eo PIP� ""'"ICM l'\AS &ECOME. SCASlRtO MA'( M.O"f CORllOOE A"t SC.AP.S 

'&l!;CAUSt THE '%.IMC (j,Al.VANIZ:ING M.AY PA.01fCT THE Mf1A.\. AT itll:: tiC:.AQ.S . 

Protection of Buried S tructures 

The applications of cathodic protection may 
be considered under two general headings : pro­
tection of buried structures from corrosion by 
soil , and protection of structures from corros10n 
by water and other liquids. 

In the former case, it is necessary to force the 
current into the earth, from the earth into the 
metal to be protected, and return it to the source. 
Fig. 5 shows the conventional method. Contact 
with the earth is made by burying scrap metal , 
such as rails or pipe, or carbon rods, a calculated 

Corrosion caused by differential aeration of soil 

IF AID. DRIES SOIL Al TOP OF fllf'£ BUT NOT AT BOTTOM , Dlff£R£NCf IN MOISTURE 
IN SOIL RESUL'TS IN coaaos10N AS INCllCATf.D ABOV E. .  DA.Y 'SOIL CHANGES 
METAL-To-son. POT'£N"t\AI. MAKING IT u.ss NEGATIVE. - nus RESULTS I N  
GR.EA1£R DlfFER.EMCE it' POTENTIAL SET""f.tr\ BOTTON\ ANO TOP OF P I P �  WHICH 
TEN.OS TO IHCA.lt�SE CURRE"lT FLOW Af'l.o') CORJ\OSION . Al.SO, A,\R R'l!AC.'11N.GJ lOP Of PIPE l'li.NO.S TO OES,.ROV POLARl'Z.ATION W'11Cl1 ont£.Q.WISf: WOULD Tt.NU ,.0 
Af:0UC£ C.URA.EH'f f'LOW A.NO CORR.DSION. 

Corrosion due to impurities in surface of pipe 

-.___ /� / �i - ' I / (7.i§'i \ \ 
CORROSION CAUSED SY :SMALL P.U.T lCLES 01\ 1MPUIUTLt:.S IN S UQ.fA.CE OF P \ P f ­
ll' Tt1t5E AP.E ANODIC T O  0ALAN.Ct Of SUR fAC f. ANO AR.f. S M A L L  Ii.I AR.t;A 
COl\ICE.NlRATEP CORROSION OR Pl1 T1t.lG A.f.SULT� l N  CORA.051VE !:>Oll-5. 

Corrosion caused by dissimilar soils 

Courtesy of The Petroleum Engineer 
Fig. 1-Electrolytic corrosion. 
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lar!!,ely compensated for by decreased copper resistance al 
low temperatures.) 

distance from the structure. Direct current is 
applied with the positivc terminal connected to 
the ground bed. Thc purpose is to cause the 
direct current to flow through the soil to all 
exposed portions of the pipe, therehy making 
the soil anodic wherever it contacts the metal . 

Pipe Lines 

Thc most extensive use of cathodic protection 
at present is to prevent corrosion of petroleum 
pipe lines. In 1942 there were at least 3 ,000 miles 
of protected lines employing over 750 cathodic 
units. Current sources in some instances included 
generators driven hy internal-combustion engines 
or windmills in inaccessible localities, hut, with 
the almost universal extension of power lines 
to remote places, the most convenient source 
of d-c is now Selenium Rectifiers operating 
from the local a-c power supply, becausc of their 
easf' of transportation and the fact that they 
may be left on location for long periods of time 
without maintenancc. The amount of current 
required varies considerably but in general de­
pends mainly on : ( 1 ) state of insulation on the 
pipe and area of exposed metal , (2) soil condi­
tions, and (3) kirid of metal in the structure to 
be protected . These and other factors can be 
determined only by trained personnel, and a 
survey should he made for each installation. 
It is to be noted that structures that are in-

stalled with some protective coating still need 
cathodic protection, due to the fact that minute 
breaks in the coating are likely to result in a 
concentration of corrosive anodic currents at the 
breaks and rapid failures at these points. Efficient 
coating, however, does greatly reduce the amount 
of current needed for protection. 

Tank Farms and Refineries 

Cathodic protection is also successfully utilized 
at tank farms, where the corrosion of storage 
tank bottoms is an economic problem of im­
portance. The map of Fig. 6 illustrates a typical 
installation . Herc a considerable surface of metal 
requires protection due to the dimensions of the 
tanks and the interconnecting pipe lines. Con­
centration of surfaces over a comparatively small 
territory, howpver, makes it possible to dis­
tribute the power units and anodic ground beds 
evenly and economically ; further, an appreciable 
saving can be effected hy judicious selection of 
the number and distribution of the units. \Vhilc 
the large metallic surface to he protected by each 
unit requires a comparatively heavy flow of cur­
rent, commercial power at most locations is avail­
able and needs only to be rectified. For this pur­
pose Selenium Rectifiers possess the advantage, 
over other protective devices, that they require 
practically no maintenance so that their efficient 
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Fig. 4-Federal cathodic protection rectifier. 

operation is not dependent on the availability 
of a permanent maintenance force at the tank 
farms. Any power used at tank farms for cathodic 
protection is usually supplementary ; hence it can 
be classed as marginal and therefore used at the 
lowest step of the prevailing rate schedule. Thus 
the expense of periodically reconditioning each 
tank bottom can be eliminated at a reasonable 
fixed charge. 

A similar situation prevails where cathodic 
protection is applied to the protection of under­
ground structures of refineries. D. Holsteyn , in 
a description of the installation in the Shell Oil 
Company refinery at Deer Park, Texas,1 states 
that steel equivalent Lo 600 miles of 4-inch pipe 
line is buried in an area approximately one mile 
by half a mile. Locations for anodic ground beds, 
etc . ,  were determined as the result of an exten­
sive survey of ground conductivity and other 
factors , and Mr. Holsteyn estimates that the 
complete period for amortization of the cost of 
installation of the units by savings due to corro­
sion prevention is 10.6 months (see Fig. 7 ) .  The 

1 Petroleum Refiner, June 1943 . 

success and economy of cathodic protection on 
the underground piping in the refinery proper 
has caused the program to be extended to other 
areas. Owing to their high efficiency over a wide 
range of current requirements, Selenium Recti­
fiers render very satisfactory service in refinery 
installations. 

City Networks 

In city networks , even in crowded quarters, 
cathodic protection can be utilized effectively 
to protect gas and water distribution lines. In 
New Orleans, for instance, it has been in use 
for many years on high pressure gas transmis­
sion and distribution lines in the city and out­
lying area, and also on a steel low-pressure gas 
distribution network in the city proper. These 
lines are laid in wet sand muck in an area which 
is poorly drained and which was formerly a 
cypress swamp subject to tidal overflow, so that 
protection against corrosion was necessary. l\r1any 
details such as the design and position of in­
sulating joints, location of anodic ground beds, 
location of feed lines, etc . ,  had to be carefully 
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Fig. 5- Schematic diagram of cathodic protection applied 
to buried pipe. 

worked out ; also, under crowded city conditions, 
the presence of stray currents and similar ele­
ments had to be considered. Near-by costly tele­
phone, telegraph and power cables, which might 
become disrupted by small earth currents, neces­
sitated a careful survey ; otherwise, not only would 
the cathodic protection installation be ineffective 
but it might cause damage to other structures. 
Selenium Rectifier units provide a convenient 
direct current source under city conditions be­
cause their compactness enables them to be 
mounted near the points of application, thereby 
reducing direct current line losses. 

Aqueducts 

On large water lines or aqueducts, problems 
similar to those of petroleum pipe lines are en­
countered with the exception that the larger 
diameter of the lines presents more surface re­
quiring protection. On the Mokelummc Aqueduct 
in California cathodic protection has been in­
stalled and H. A. Knudsen, mechanical and elec­
trical engineer for the East Bay M unicipal Utilitv 
District, Oakland , California, produced figur�s 
leading to the conclusion that for a total cost of 
$85 per mile, a saving of about $1 ,300 per mile 

per year results.2 As to power, the public service 
power (60-cycle, single-phase, a-c) was used , 
and Mr. Knudsen says in part, regarding Se­
lenium Rectifier units : "The operating char­
acteristics of this unit are excellent for cathodic 
protection. N o  service of any kind has been 
required, and the efficiency 1s on a par with 
motor-generator sets. ' '  

Telephone Cable Sheaths 

Buried telephone cables are sometimes pro­
tected by cathodic protection , mainly in loca­
tions where stray currents exist. The source of 
these currents is utilized for this protection by 
means of a drainage wire attached to the sheath 
and to the negative line of the source. A unit 
employing a half-wave Selenium Rectifier, func­
tioning as an electrolysis switch , may he posi­
tioned between the cable and the line to protect 
the sheath from becoming anodic during occa­
sional current reversals. In practice this pro­
tection is applied only to the extent necessary 
to reasonably mitigate the effects of such stray 
currents. Corrosion on the cable sheaths is there­
by avoided and , at the same time, corrosion 
effects on other underground structures not em­
ploying cathodic protection may he reduced. 
Selenium Rectifier units also may be used as 
boosters to increase the current drain from ordi­
nary drainage wires. 

Protection of Subm.erged Structures 

The application of cathodic protection to pre­
vent corrosion of structures submerged in liquids 
sets up different problems from its application in 
soil ,  hut the problems are , at the same time, 
capable of more precise solution since the liquids 
involved are apt to be more homogeneous than 
soil .  Laboratory tests can, therefore, be run to 
ascertain certain factors pertinent to an installa­
tion in order to achieve maximum efficiency 
regarding flow of current and the number and 
distribution of electrodes. 

For a particular installation it is necessary to 
ascertain : ( 1 )  the minimum current necessary to 
protect one unit area of the surface on which 

2 Journal of the A merican Water Works Association Jan 
1 938. 
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corrosion is to be prevented, and (2) the voltage 
needed to force this current through the liquid 
(computable from the resistance of the liquid) .  
Both these figures may be obtained i n  the labora­
tory, utilizing samples of the liquid and the metal 
involved. Various other devices, such as calomel 
cells and exploring electrodes of different types, 
may also be used on the installation itself to 
determine the current needed to provide ade­
quate protection. 

General agreement on testing methods has not 
yet been reached. Nevertheless the state of the 
art is sufficiently well advanced for the design 
of numerous and varied types of installations 
with satisfactory results. 

When the above data are known, the problem 
of distribution of the anodic electrodes arises. 
For efficient protection, it is necessary to cause 
a current of the minimum protective amperage 
to flow into the portion of the protected metal 
furthest away from the anode, and at the same 
time avoid having to send a wastefully excessive 
current to points nearer the anode. lt is obvious 
that the highest efficiency would result with the 
anode equidistant from all points of the cathodic 
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surface, but, of course, this condition rarely ob­
tains in practical applications. The anode posi­
tion should be such that the difference between 
its distance to the nearest and furthest cathodic 
surfaces is as small as possible. 

Open- Tank Condensers 

This principle is illustrated by the application 
of cathodic protection on open-tank condensers 
in oil refineries where expensive corrosion occurs 
on the submerged coils. The anodes used consist of 
sets of steel plates (sometimes carbon rods) sub­
merged vertically in the condenser tanks, extend­
ing down close to the bottom. The plates are 
suspended from horizontal beams or pipes which 
rest on insulating supports. Positive busses run 
to the supporting beams, the negative busses 
being connected to the tank and the headers of 
the coils . .  \Jl connections are soldered or welded. 
Current requirements are usually about five to 
ten amperes per square foot of exposed tank and 
coil surface. Here again Selenium Rectifier units 
are particularly suitable for use as a d-c power 
source because they take up little space in the 
refinery and are readily adjustable to the re-

------- <OIWll�� M�!> 
- - GOPPe� HC�U$ 

Courtesy of The Petroleum Engineer 
Fig. 6-Map of cathodically protected tank farm. 
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Fig. 7-Ejfect of cathodic protection on buried structures 

in refinery, as shown by coupon tests. 

quired current without appreciable loss of effi­
ciency. 

A refining company in Michigan has had an 
installation of this type in service since late 1938 
in its 6,000 square foot distillate condenser hox. 
Prior to that time the coils had to be replaced 
at intervals of approximately eight to nine 
months, but at the time reported (July, 194 1 )  
the coils i n  use when cathodic protection was 
applied were still in good condition. 

An oil corporation in California likewise has 
had several installations operating successfully 
for about two years on its 50,000-harrel plant. 
It is reported that corrosion seems to he checked ; 
also, that better heat transmission results 
through elimination of hard-scale formation on 
the tubes. 

Shell-and- Tube Condensers 

Cathodic protection has also been applied to 
shell-and-tube condensers. Here the anodes con­
sist of steel plates positioned on the ends 

of insulated pipe couplings which protrude into 
the condenser shell .  An installation of this type 
was reported to have been in operation for 1 5  
months without a tube fail urc3 whereas, pre­
viously, failures occurred every three to six 
months. 

Submarine Pipe Lines 

Cathodic protection is used successful ly on 
submarine pipe lines. The Southern Counties 
Gas Company has such an installation on their 
Cerritos Channel pipe line crossing where recti­
fied current is used . Tests were run in 1939 to 
ascertain the amount of current needed, and it 
was concluded that the average potential re­
quired for protection of bare steel in sea water 
\Vas 0.5 volt, with the average current about 
15 milliamperes per square foot of pipe surface. 
It was also found that a hare steel surface re­
ceiving cathodic protection in sea water becomes 
coated with a fairly hard salt which gradually 
reduces thE' current density needed for complete 
protection.  Enclosed Selenium Rectifier type 
units lend themselves readily to water-side instal­
lations due to their ability to resist atmospheric 
corrosion. 

Hot W'ater Heaters 

Hot water heaters and similar structures also 
utilize cathodic protection to eliminate corrosion 
of tu bes and also to decrease the formation of 
scale. Such an installation is actually an ampli­
fication and extension of the idea of hanging 
zinc plates inside a boiler to decrease corrosion, 
a practice introduced more than 50 years ago. 
The anodes need not be inside the structure 
proper hut may he placed in inlet tanks or other 
containers in direct contact with the water flow­
ing through the structure. Such an installation 
was made in 193i at a large New York milk 
plant which used artesian water high in calcium 
rontent. Not only  was corrosion checked and 
further deposit of scale prevented , but the scale 
already in the tubes gradually disappeared. 

W'ater Tanks 

The use of cathodic protection in water tanks 
for railroads, municipalities, factories and other 

" V. L. Nealy, National Petroleum News, June 25, 194 1 .  
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organizations started about 1936 and , at  the 
last report (1941) , there were over 1 ,000 installa­
tions completed or on order. Fig. 8 illustrates a 
scheme utilizing one or more electrodes sus­
pended inside the tank, the electrodes usually 
being composed of stainless steel or carbon. It has 
been determined that, to keep a steel water tank 
from rusting, a potential must be applied from an 
external source which is in excess of the natural 
hydrogen overvoltage potential ; also, to maintain 
this potential , the voltage drop through the 
water must be estimated so that the proper 
e.m.f. can be applied. Maintenance of a current 
flow of three amperes for every 10 ,000 square 

__..J;tl:::;:;it;::::---CAeLE 
-f-:/tl��ilr--- INSULATOR 

NO. 8 AR MORED 
SERVICE CABlE 

RECT I FIER 
UNIT 

II V AC. 

GROUND 
WIRE 

Fig. 8-Cathodic protection applied to water tank. 

feet of submerged surface of n:ietal requiring 
protection has been found necessary. 

The cost of installation is usually reported to 
be less than that of painting the interior of the 
tank, and operating expenses are low. The high 
efficiency of Selenium Rectifiers constitutes a 
factor in keeping current consumption down. A 
big advantage is the substantial elimination of 
expensive shutdowns for repainting the interiors 
of tanks, which may be necessary as often as 
twice a year for "unprotected tanks. Replies to 
an inquiry sent out by the Pittsburgh-Des 
Moines Steel Company to owners of all tanks 
built by them in six years,4 showed cathodically 
protected tanks 73 percent fully satisfactory, 
13  percent questionable, and 14 percent unsatis­
factory. 

Future of Cathodic Protection 

In  general , it may be said that cathodic pro­
tection is an effective check to electrolytic cor­
rosion in a wide variety of structures. I ts applica­
tions have naturally become more highly de­
veloped in connection with structures where such 
corrosion is an economic factor of considerable 
magnitude, but the convenience and economy of 
Selenium Rectifiers would indicate that an ex­
tension of the field to include many structures 
where cathodic protection has not hitherto been 
contemplated is probable. For instance, cathodic 
protection may be applied with effectiveness and 
economy to buried gasoline tanks, consumers' 
oil tanks, etc. Home owners and oil burner manu­
facturers may adopt this method of combatting 
the electrolytic corrosion which is almost certain 
to occur on such structures, especially when 
aggravated by the various stray currents preva­
lent in cities. 

Eventually, engineers and managers doubt­
less will find it economical to consider the feasi­
bility of installing cathodic protection on new 
structures, before corrosion occurs, instead of 
waiting until preventable electrolytic corrosion 
has taken its toll. 

4 Journal of the A merican Water T¥orks Association, 
Sept. 1941. 
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Power Transmission Systems 
A Review of Progress During the ·war with Special Reference to 

Postwar Developments * 

By T. R. SCOTT, D.F.C. ,  B.Sc. 
Standard Telephones and Cahles, Ud. ,  London 

SHOULD like in the first place to express 
my deep sense of appreciation of the honour 
done to me by the members of this Section 

in electing me Chairman. The more so since .in 
studying the proceedings of the Section during 
the preparation of this Address l was reminded 
that the current session marks the end of the first 
decade of the Section 's existence. There is also 
reasonable hope that during this session the first 
stages of peace may he reached , some slight re­
laxation of the grim conditions under which we 
have heen living achieved . and a further stimulus 
given to post-war planning and preparation for 
the arts of peace. l t is a sad thought that hy the 
end of this session exactly one-half of the Sec­
tion's proceedings will have taken place under 
vvar conditions-five Chairmen will have held 
office under such conditions as against five who 
held office hefore the war. 

I am tempted to theorize concerning what 
differences there might havE' heen in our proceed­
ings this session had there been no war. Even a 
hasty survey of the situation, however, convinces 
me that there have been gains as well as losses 
and that, bearing in m ind the comments of 
several war-time Chairmen regarding the im­
practicahility in these days of publishing all de­
tails of progress , there has been built up a sub­
stantial reservoir of knowledge to aid us in rapid 
progress as soon as normality is again the order 
of the day. V/hile the slogan of this war has 
certainly not been that of the 1914-1918 war, 
namely "business as usual ," nevertheless many 
precious hours of leisure have been employed by 
transmission engineers in "keeping things run­
ning," so that the inertia to be overcome in 
starting-up technical studies after the war has 

* I .E.E. Transmission Section :  Chairman's Address (de­
livered 20th October, 1943) .  Reprinted from Journal of 
The Institution of Electrical Engineers, Vol. 91 ,  Part I ,  
No. 37, January 1944. 

been minimized. In some cases war effort has 
naturally synchronized with normal progress­
has even accelerated progress-and in other cases 
the war has actually stimulated progress which 
otherwise might have been tardy or moribund. 

l feel, therefore, that the most appropriate sub­
ject for an Address at this stage in the Section's 
history is a reviev,- of progress during the war, 
with special reference to the post-war develop­
ments arising therefrom. Such an attempt in so 
far as it involves prophecy is extremely danger­
ous, and l have tried to he reasonably cautious 
in that direction, while at the same time ventur­
ing a little boldly in certain other directions in 
order to bring out interconnected aspects. 

1. The Econmnic Aspect 

I n  his Address at the outbreak of the present 
war,1 Mr. Purse drew attention to the outstand­
ing weaknesses in our supply and transmission 
systems revealed during the previous war. He 
traced the legislation which ensued (1919-1936) 
and which left as definite milestones the establish­
ment of the Electricity Commissioners and the 
Central Electricity Board. I am certain that no 
Chairman taking office in October 1918  could 
have prophesied with any exactitude the course 
that events would take. Much more, in 1943 , do 
I feel that discretion is the better part of valour 
and that I am well advised to leave to a more 
qualified successor the task of forecasting the 
trend of such events. Perhaps by that time some 
further governmental progress will have been 
made in the field of the Scott and allied Reports 
which have been 

.. drawn up during the war. 
Judging hy the columns of the technical Press in 
recent months, he will also have at his disposal 
in compiling his forecast the views of most sec­
tions of the electrical industry. They may be 
divergent at present, but no sound plan has ever 
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been evolved without much preliminary discus­
sion and even controversy. I shall content myself 
with a few remarks about the economic aspect. 

Both Mr. Purse and Mr. Ryecroft have drawn 
attention-in different ways-to the two key­
points, namely the demand for cheaper electricity 
and expediency engineering in respect of the 
equipment installed. Mr. Purse made his point in 
connection with the installation of minimum 
sizes of mains, switchgear, transformers, etc . ,  
instead of  the planned economic sizes ; l\fr. Rye­
croft 2 made his in connection with underground 
cables and low maintenance cost instead of over­
head lines an<l high maintenance costs. Doubtless 
the effect of expediency engineering has shown 
itself during the war when the purchase of new 
equipment is controlled and difficult and the 
fruits of lack of foresight are reaped amidst 
arduous conditions. The demand for cheaper 
electricity will without doubt be strongly stressed 
as soon as hostilities cease. I t  therefore does not 
require a prophet to foretell that transmission 
economics in the broadest sense will be promi­
nent in the post-war proceedings of this Section. 
This is a subject which well merits several papers 
devoted entirely to the main theme, an<l I am 
unable this evening to do more than draw atten­
tion to its importance and to point out several 
allied subjects which profoundly affect economics 
in our particular sphere of action. 

2. Standardi:fation 

Midway between the economic aspect and the 
purely technical aspect lies standardization. Two 
war-time Chairmen have had something to say 
on this subject, namely Messrs Allcock 3 and 
Melsom.4 Significantly enough both were cable 
makers. Mr. Allcock advocated the revision of 
B .S. 480 ( 1933).  This is one of the tasks which 
transmission engineers have found time to under­
take despite the war : B.S. 480 (1942-3) has made 
its appearance, and the majority of Mr. Allcock's 
points have already been cleared. These dealt 
mainly with the reduction of the numbers of 
types and sizes called for in paper-insulated lead­
covered cables. A similar plea for all types of 
wires and cables may be necessary after the war 
in view of the probable growth of a large number 
of alternatives. Economies in wires and cables 
can only be achieved by a trend towards mass 

production. Mr. Melsom for his part made a 
plea-as l interpreted it-for the application of 
economic and scientific principles to standardiza­
tion , so that on the one hand development would 
not be cramped, while on the other hand stand­
ards would be constantly renewed to keep the 
number of standardized types at a minimum and 
so aid the economists in their work. 

If the difficulties of the future were apparent 
in 1941 when Mr. Melsom addressed you they 
are doubly so to-day. Technique, particularly in 
wires and cables, is liable to change rapidly after 
the war ; and the greatest care will have to be 
taken with regard to standardization, otherwise 
chaos will ensue and true economic solutions will 
not be found. 

Meanwhile we are obtaining plenty of practice 
in the art of standardization, in compiling, ab­
sorbing and using the numerous War Emergency 
Specifications which are forced upon us by the 
existing conditions. Many of these are somewhat 
controversial in that they are naturally not 
backed by that wealth of experience which 
characterizes the fundamental specifications. One 
lesson that we are learning from these war-time 
specifications is the necessity of the user being 
able to compile a "performance specification" 
which lays down as precisely as possible the 
desired characteristics of the cable, etc. , irre­
spective of the materials used in manufacture. 
Too often in the past the specification has been 
written round the characteristics of the material 
which was to form the main constituent of the 
specified product. Thus we had specifications for 
rubber cables and for paper cables. This was a 
logical development from the days of the original 
B .S. 7 ,  but war time has introduced the com­
plexity of substitute materials. Peace will un­
doubtedly continue the complexity with alter­
native materials. The scientific aspect of stand­
ardization will have to be carefully studied here 
if distorted economics are not to arise. This 
aspect is referred to later in this Address. 

One of the best aids to economic and scientific 
standardization is the public study of the tech­
nical aspects, and no better method can be sug­
gested for the transmission items than the presen­
tation of papers before this Section with resultant 
vigorous discussions. Your Committee is mindful 
of this point ; already papers bearing on some 
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items have been read, and others are under 
consideration. 

All in all we can claim, I think, that as the 
result of the war years we shall emerge into peace 
with a better understanding of the correct 
mechanism of standardization. 

3. The Rating of Transmission Systems 

Turning to technical matters, I must first make 
some reference to the rating of transmission sys­
tems. Two aspects of the cable-loading problem 
have been receiving attention, namely current­
carrying capacity and short-circuit capacity. The 
former may be considered very largely an effort 
at present to squeeze the last ampere, consistent 
with safety, into systems which cannot easily be 
duplicated in war time or which have to carry 
additional load because of the war-time re­
distribution of industry. The latter comes under 
the category mainly of steady, although of ne­
cessity leisurely, progress in the face of the heavy 
demands made on engineers by war-time de­
velopment work. Here also, however, there is a 
distinct war-time flavour in that enemy action 
has in certain cases brought to our notice the 
considerable effects of unexpected and irregular 
short-circuits and has given us some practical 
demonstrations to aid our investigations. 

The Americans in their usual brisk fashion 
have already issued a report 6 on the effects of 
increased loadings brought about by war-time 
emergencies, and it is felt in the United States 
that this and subsequent reports will have a con­
siderable bearing on the standardized ratings 
that will be agreed for peace-time conditions. 

The progress in this country in the last few 
years, if somewhat slower and more conservative, 
has at least tended to clarify methods of calcula­
tion and estimation. The paper published re­
cently in the Journal by Mr. \\1addicor 7 has 
helped to simplify these methods. 

Economic planning depends largely on a firm 
basis of factual knowledge concerning items such 
as cable current-capacity and on simplified calcu­
lations which enable the economic aspect to be 
worked out in detail \vith the minimum of effort. 

Short time-ratings have also become a matter 
for more serious consideration. Here the rating 
of the cables has to be considered in conjunction 
with other equipment in the system, e.g. , trans-

formers and current- and fault-limiting devices. 
With our well-known conservation and resultant 
comparative freedom from faults, we have per­
haps not paid enough attention in the past to the 
accurate short-time rating of lines and equip­
ment, but there are signs that this is being 
remedied. 

4. Technical Development. 

The subjects discussed above are logical out­
comes of normal transmission studies and re­
searches, albeit specially directed and guided by 
war-time requirements and experience. It is in­
conceivable, however, that the very vigorous re­
search development and production expansion in 
other fields during war time will not react in some 
measure-in some cases slight, in others large­
on the transmission field. Although, as I have 
said , the role of prophet is never a comfortable 
one, T would venture to-night to direct your at­
tention to three items which may have consider­
able reaction on the transmission field. I refer to : 

(a) Gas, particularly at high pressure. 
(b) Vacuum. 
(c) Synthetics. 

4 . 1  HIGH-PRESSURE GAS IN CABLES AND 

SWITCHGEAR 

The first of these may be considered as a 
border-line case or a connecting link between the 
established transmission items discussed above 
and those to be discussed below, which are more 
novel in their impact on the transmission field. 

During the last session or two we have had 
papers on high-pressure gas as applied to cables 8 

and switchgear.9 This session we anticipate a 
paper on joints and terminations for gas-pressure 
cables-in some ways a complement to last 
session's papers. None of these studies is purely 
of war origin ; they mark mainly the steady war­
time development of a pre-war novelty. There 
are, however, auxiliary items which are being 
stimulated during the war. For example, the 
production of helium 10 has been studied. This 
ranks as a strong competitor of nitrogen and has 
already been successfully applied in the fire­
proofing of switchgear where rapid dispersal of 
heat and freedom from corrosion of contacts are 
of importance. In inertness, high specific heat 
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and high co-efficient of thermal conductivity, 
helium is superior to nitrogen but hitherto has 
been scarce and costly. The intensive examina­
tion, however, of the potentialities of natural 
gases associated with petroleum deposits in cer­
tain regions (Texas, Ontario, Alberta, etc.) has 
tended to increase production and decrease cost. 
Already one Texas plant is producing one million 
cu. ft. of the gas per annum at a cost of $12 per 
1000 cu. ft. Since this output is only 3!3 of the 
potential output and since cost is very closely 
associated with output, we may look forward to 
a relatively plentiful supply of helium at a price 
which is not founded on a "scarcity" basis. 

Other useful contributions to the gas technique 
may be expected from similar developments in 
other fields. 

4 .2 VACUUM PHENOMENA 

It is not too much to claim that the greatest 
technical advances of the war have been as­
sociated with electronics. Radio, radar (radio-
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location) , etc . ,  have made immense strides, and 
these advances have been closely associated with 
developments in the vacuum tube. This is likely 
to have four main effects on power transmission 
work. There will be first some definite reaction on 
communication systems associated with trans­
mission networks. Secondly, protective systems 
may have certain relay problems solved or al­
leviated by thermionic devices. Thirdly, vacuum­
tube technique for high-voltage transmission 
may receive an overdue stimulus and some of the 
long-talked-of methods of transmission may be 
brought within the realms of practical politics. 
Recent information from the United States men­
tions a 20-million-volt Rheotron and a 100-
million-volt X-ray equipment, both of which are 
products of the (�\merican) General Electric 
Company. The lessons learned in these develop­
ments must undoubtedly have repercussions at 
transmission voltages. 

The fourth effect is more speculative. I t  has 
long been realized that hard vacuum is a good 
insulator. In fact the patent associated with the 
paper by Beaver and Davey on "The High­
Pressure Gas-Filled Cable" 8 was published al­
most simultaneously with a patent 11 filed by 
these authors on an equivalent cable working at 
extremely low pressure instead of high pressure. 

If we examine the dielectric strength, or spark 
breakdown, in relation to pressure (see Figure) 
we see that some interesting points arise.* At 
ordinary atmospheric pressure (15 lb. per sq. in.) 
and just above and below this point, there occurs 
the worst state of affairs dielectrically (from a 
breakdown point of view) .  As the pressure is 
increased improvement is effected, particularly 
for large spacings, so that for spacings above 
0.002 cm. the dielectric condition is quite reason­
able as soon as, say, 4 atmospheres (60 lb. per 
sq. in.) has been attained. I n  the region of 10 to 
15 atmospheres-the region dealt with by Beaver 
and Davey last session-the condition is good. 
Similarly as we approach zero absolute pressure 
the breakdown voltage rises rapidly. With hard 
vacuum we therefore obtain results equivalent to, 
if not better than, those obtained with high gas 
pressure. 

In the accompanying Figure, which is based on an 
illustration in Reference No. 12, liberties have been taken 
with the curves in the region of zero pressure for the sake 
of clarity. 
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One significant point is, however , often over­
looked although the practical effects of it are 
manifest in ordinary impregnated-paper cable 
phenomena. l f  we examine the curve marked 
0.0005 cm. ,  we see that for very small spacings, 
whereas the effect of an increase of pressure above 
atmospheric is comparatively slight, the effect 
of a reduction is very marked . ln  ordinary oil­
impregnated-cable technique it is commonplace 
that the breaking-up of voids or gas spaces into 
small bubbles prevents ionization even if the 
pressure inside the lead sheath falls below atmos­
pheric owing to the absence of compensating 
devices. 

Since the avoidance of large gaseous spaces is 
fundamental in the practice of high-voltage in­
sulation engineers, and since engineering tech­
nique is steadily progressing towards the elimina­
tion of large spacings, the high dielectric break­
down effects produced in small voids by relatively 
soft vacuum may become of increasing impor­
tance, and the use of vacuum devices instead of 
pressure devices may receive an impetus. 

The practical objections are, of course, the 
difficulties of making vacuum-tight equipment 
and of exhausting it in the factory and /or in the 
field. One would expect, however, that with the 
mass production of vacuum tubes on the scale 
required by the war, there must have been tre­
mendous advances in these techniques. There is 
every reason to believe that this is so and that 
the industrial production of reasonably hard 
vacuum is within reach. 

4 .3 SYNTHETICS 

My third choice for major development in the 
future is synthetics-I definitely stress the broad 
term synthetics as opposed to the narrower terms 
plastics and synthetic rubber. Mr. Melsom in his 
Address in 1941 referred at some length to the 
prospects of these two classes with particular 
reference to cable insulants and sheaths. \tVithin 
one month of his address J apan entered the war, 
90% of the world supply of rubber was rapidly 
cut off from the United Nations, and the U.S.A. 
commenced one of the most ambitious "build­
ups" of synthetic and plastic manufacture that 
the world has ever seen ; Canada followed suit to 
the extent at least of her own requirements ; and 

Britain in a smaller way made preparations to 
give the chemist a chance to justify his laboratory 
and pilot-plant findings on a really large produc­
tion scale. lt is inconceivable that industries of 
this magnitude can disappear after the \Var with 
the regaining of the major sources of rubber 
supply. Moreover, the world ·will undoubtedly 
have become plastic- and synthetic-minded and 
will demand these products or their successors. 
In fact, there are signs of over-enthusiastic wel­
come to plastics and synthetics in the belief that 
they will solve all problems. In my opinion the 
engineer will benefit greatly from this large-scale 
addition to his reservoir of materials, but only if 
he studies the ne\v problems in detail and applies 
the materials judiciously. 

There is a tendency, I think, to overrate the 
dielectric or insulation aspect of these materials 
and to underrate the influence they will have on 
structures, preservatives and other more routine 
and unexciting parts of the engineering field . J 
would strongly deprecate the idea that synthetics 
are mainly of interest to the cable-making and 
cable-using members of this Section. 

Elsewhere in the proceedings of The Institu­
tion this session I hope to say a few words regard­
ing thermoplastic cables, with particular refer­
ence to polyvinyl chloride. I may be excused, 
therefore, from commenting here on that par­
ticular aspect of the broad picture. Instead, I will 
try to present the synthetic situation, not merely 
in terms of production of polyvinyl chloride, 
polythene, Neoprene, Buna-S, etc. , and the sub­
stitution of these for rubber, hut as a marked step 
forward in the scientific control of materials and 
in the economic planning of the use of material 
resources. 

About twenty years ago l remember reading a 
series of articles by a well-known scientist-I 
cannot check the reference-in which the sugges­
tion was made that in the years to come engineers 
would design the materials necessary for their 
projects on atomic principles, vdth particular 
reference to crystal structure and similar aspects. 
More recently, during a visit to the Massa­
chusetts Institute of Technology and the labora­
tory of Dr. Von Hippe!, I had a glimpse of the 
future ways in which dielectric phenomena would 
be explained and interpreted in .terms of atomic 
and molecular arrangement. 
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While both these atomic ideas have yet to be 
developed to a stage at which they may be em­
ployed as practical engineers' tools, we are at 
least on the threshold of one more elementary 
but nevertheless very practical stage, i .e . ,  the 
design of materials on the basis of molecular 
arrangements-chains, for example. This applies 
particularly where plastics, synthetic rubbers and 
allied materials-in fact synthetics as a class­
are concerned. 

I t  has been clear for some time that the best 
chemical explanation of the molecular behaviour 
of materials, such as cellulose, silk, rubber, is on 
the basis of long threads or chains formed by 
molecules joined together. Another example is the 
explanation of the transition from petrol through 
lubricating oils to paraffin waxes by the differ­
ence in chain length from 5-10 carbon atoms 
(petrol) ,  1 0-20 carbon atoms (oils) , 20-50 carbon 
atoms (waxes) . The study of polymerization, 
upon which the synthetic industry is founded, 
has intensified the study of this chain formation 
of molecules. From single molecules, which may 
be gaseous, polymerization builds up a chain , 
the number of molecules in the chain determining 
the molecular weight of the polymer and influ­
encing, often pronouncedly, the other character­
istics of the material .  A low-molecular-weight 
polystyrene, for example, produced by rapid 
polymerization at high temperature, is brittle 
and "glassy" and has a comparatively low tem­
perature range of usefulness. If the liquid mono­
meric styrene is polymerized slowly at room tem­
perature, a high-molecular-weight (say, 750 ,000) 
materia l is obtained which is "tough-rubbery" 
and has an extended range of temperature be­
tween softening point and cold crack. The nor­
mal (i.e. , generally employed) styrene has a 
molecular weight of about 100,000 and is midway 
in characteristics between these two extremes. 

Similarly the gaseous monomeric ethylene can 
be converted into a range of polymers of differ­
ing molecular weights and characteristics. 

Some monomers polymerize into long-straight­
chain polymers-vinyl chloride is an example­
and it can be forecast that such polymers will in 
general be easily processed and will produce 
flexible plastic materials. 

In addition to controll ing the characteristics 
by controlling the polymerization and the length 

of the chain, a second variable can be introduced, 
namely the polymerization together of two differ­
ing monomers. This is called co-polymerization, 
and the resultant product is called a co-polymer. 
Well-known examples are co-polymers of vinyl 
chloride with vinyl acetate or acrylic ester. The 
latter produced the co-polymer which when plas­
ticized was called Mipolam ; the former is one of 
the most useful P.V.C. polymer families. Another 
valuable example is Buna-S, formed by the co­
polymerization of butadiene with styrene. This 
example affords an excellent subject of study 
of the changes in co-polymeric characteristics 
brought about by variation of the proportions 
of styrene to butadiene in the co-polymer. 

While, as mentioned above, certain monomers 
tend to produce long straight chains, others tend 
to branch and still others tend to form 2- and 
3-dimensional chains. The latter class tend to 
produce materials which become plastic only at 
high temperatures and then decompose slowly, 
increasing in plasticity in the meantime. They 
have no definite softening zone of temperature. 
They exhibit much greater resistance to abrasion, 
impact and heat than long-chain polymers. Per­
bunan and Neoprene are typical examples. 

Cross linking between straight chains or branch 
chains further changes the characteristics of the 
polymer. The general tendency of this arrange­
ment is to increase brittleness. If controlled, 
however, it can be beneficial in some cases. Thus 
a styrenated cable-termination 13 immersed in a 
transformer which used chlorinated naphthalene 
or diphenyl instead of oil to minimize fire risks 
would be softened and eventually degraded by 
the interaction between the chlorinated material 
and the styrene. Judicious cross-linking of the 
styrene can, however, reduce this effect to a 
negligible value. 

Cross-linking is probably also a prominent 
feature of the curing treatment of bakelite resins 
and of rubber during vulcanization. 

While it may be undesirable to use cross­
linking in the production of the material which 
has to be processed during the fabrication of the 
article required, it may be reasonable, or even 
desirable, to bring it into play for the final 
"setting" of the fabricated product. 

If the chemist is not satisfied with the ma­
terials obtained from the polymerization of 
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straight hydrocarbons, i .e . ,  carbon and hydrogen, 
he can set to work on the monomer and substi­
tute the hydrogen atoms attached to the carbon 
atoms by elements and radicals. The halogen 
elements, particularly chlorine, are at present 
especially favoured in this direction, and the 
acetate radical may also be mentioned as prom­
inent. In addition to varied polymerization and 
co-polymerization effects, the introduction of 
these elements can directly influence the charac­
teristics of the polymer. Resistance to oils and 
solvents may be improved. The introduction of 
elements such as chlorine will increase the re­
sistance to burning. 

While these improvements may be effected by 
the replacement of hydrogen by other elements 
or radicals, the chemist must bear in mind the 
possible adverse effects on other characteristics. 
Pure hydrocarbons, of which carbon and hydro­
gen are the only constituents, are electrically 
inert, i .e . ,  non-polar, but the introduction of 
other elements such as chlorine or oxygen may 
introduce polarity ·with consequent degradation 
of the electrical characteristics. Thus the ethylene 
polymer, polyethylene is non-polar, whereas the 
substitution of one atom of chlorine for one of hy­
drogen in ethylene results in vinyl chloride and,  
in polymerization, polyvinyl chloride. The con­
trast between polyethylene and polyvinyl chlor­
ide electrically is well known. On the other hand, 
polyvinyl chloride possesses certain fire-resisting 
and other non-electrical characteristics which 
render it somewhat superior to polyethylene. 

Sufficient has been said , I think, to give an 
elementary but definite picture of the new tech­
nique which is rapidly reaching the point where 
materials may be "designed" in the labora­
tory with a fair assurance that the product ob­
tained will be endowed with certain foreseen 
characteristics. 

A very interesting series of articles on synthetic 
rubbers and plastics has been published in the 
1943 issues of Distribution of Electricity .14 In par­
ticular the first two introductory articles give a 
simplified and clear picture of polymerization, 
co-polymerization, vulcanization, cross-linking, 
replacement of hydrogen by chlorine, etc.-the 
processes by which the chemist adapts his pri­
mary base to give the grouped characteristics of 
the material required by engineer or designer. 
For those interested in a more detailed discussion, 

I would suggest Dr. Barron's book on "Modern 
Synthetic Rubbers." 15 

\Vhen this structural arrangement of materials 
is considered in conjunction with an increasing 
knowledge of plasticizing and compounding ma­
terials-which may be loosely taken as materials 
packed into the interstices, molecular and larger, 
of these designed materials to modify or correct 
their characteristics-and with a similarly in­
creasing knowledge of the state and aggregation 
of matter, it will be seen that the immediate 
future holds hope for scientific selection and even 
design of the ideal material for the engineering 
purpose in mind-not only in the insulation field 
which is of particular interest to the trans­
mission engineer, but also in the structural 
aspects. 

It should be noted that the introduction of 
plasticizing materials to a synthetic base not only 
induces or increases plastic qualities, not only 
brings into play the added characteristics of the 
plasticizer, but may also introduce other features 
which at first sight might not be expected. 

In  an article on the "Diffusion of Water 
Through Insulating Materials" 16 Taylor, Her­
mann and Kemp quoted the diffusion constant of 
cellulose acetate as 1 59 ,  whereas plasticized cellu­
lose acetate exhibited a constant of 1 . 1 8 .  A 
hundred-fold increase in resistance to water dif­
fusion is thus obtained by the introduction of 
the plasticizer for other purposes. 

More recently it has been shown 17 that as­
phaltic materials, which have naturally low 
diffusion-constants and are largely used for water­
proofing purposes, may be still further improved 
by the addition of small percentages of poly­
butenes, which are synthetic materials originat­
ing in the manner discussed above. 

If we assume equal success in designing such 
secondary materials, e .g. ,  plasticizers, and as­
sume further success in coordinated design of 
primary and secondary materials in combination, 
it must be agreed that improvements in engineer­
ing materials of this type must accrue rapidly. 

This science of material design has not, of 
course, sprung up overnight ; it has been la­
boriously developed over years. The more impor­

tant aspect that the war is bringing into the 
picture is the mass production of the basic ma­
terials on which the chemist can work to obtain 
his finished products having ideal characteristics. 
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The mass production of butadiene, styrene, 
etc. has not only resulted in the immediate mass 
production of Buna-S, Neoprene, etc . ,  but has 
put on the market for post-war use fundamental 
materials at relatively low cost from which in due 
course the chemist will evolve even better 
products. 

In the early stages of the preparation of this 
Address, I had hoped to reproduce in a modified 
form a most interesting diagram published re­
cently by Dunstan 18 in the Journal of the Insti­
tute of Petroleum, dealing with the synthetic ma­
terials produced by the cracking of petroleum. 
Starting with the gases : 

ethylene, 
propylene, 
butene, 
butadiene, 

the diagram showed some SO synthetic products 
which already have definite applications in the 
industrial field. They included such insulating or 
allied materials as : 

Thiokol 
polyvinyl chloride 
plasticizers for lacquers 
styrene 
cellulose acetate 
polyisobutylene 
butyl rubber 
Buna-S 
Buna-N 

The study, however, seemed to take one into 
a field which required more time and space than 
were available. I turned, therefore, to the allied 
question of alternative methods of preparation 
of these materials. After all, this country has 
negligible resources in all aspects of the oil in­
dustry ; we depend on imports. But we must, I 
sincerely hope, look forward to a time when this 
country from its own natural resources will be 
capable of producing its own synthetic materials 
to aid in keeping it in the forefront in electrical 
insulation and mechanical structures. In the 
popular mind this is a question of putting up 
plants for the manufacture of synthetic rubbers 
and of plastics. If I have made my point about 
the method by which the ideal materials will be 
designed by the chemist in conjunction with the 

engineer in the future, we must specify that what 
are required are the basic raw materials which 
can be manipulated and transformed into these 
ideal materials. The petroleum aspect as outlined 
above indicates the vast array of synthetics 
which can be derived from four gases, assuming 
of course the availability of auxiliary materials 
such as sulphur and chlorine. 

Confining our attention for the moment to the 
mineral world, we have in this country a large 
and important coal industry. Ethylene, men­
tioned above, is a by-product of the coke-oven 
and, as can be seen by the growth of the produc­
tion of polyethylene, it has already been used in 
this country for the manufacture of synthetics. 

It should be realized, however, that there are 
many ways of arriving at the final molecular 
structure desired by the engineer. The choice of 
the starting-point is largely determined by the 
availability and cost of the raw materials and 
the relative costs of the processes. 

Acetylene, which is not one of the four gases 
mentioned above, is an excellent starting-point. 
Not only can it be combined directly with hydro­
gen chloride to produce vinyl chloride, leading 
to P.V.C. ,  but, by transformation to acetal­
dehyde, butadiene can be produced and the way 
laid open to the families of synthetic rubbers dis­
cussed above. The essentials for the production 
of acetylene are coke or anthracite, limestone, 
and cheap and abundant electric power. Two of 
these are already available in this country and 
the third , as already stated, may be one of our 
primary considerations after the war-it should, 
in fact, be always a matter of endeavour among 
generation and transmission engineers. 

To my mind this question of the production of 
calcium carbide, and hence acetylene, can lead 
to a most fascinating economic study. Reduction 
of the price of electricity to the consumer is 
largely influenced by the economies effected in 
transmission systems·, which can in turn be 
brought about by using better and cheaper ma­
terials. Among such materials synthetics must 
undoubtedly be considered. The cost of syn­
thetics can be largely determined by the cost of 
electricity. Here, therefore, we have an economic 
problem , the solution of which can benefit all 
users of electricity, and, in addition, can benefit 
the coal industry with potential reactions on the 
thermal generation of electricity. 
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A further source of synthetics is the vegetable 
world-potatoes, beets, etc.-through the forma­
tion of alcohol. For the time being this method 
of derivation seems to have been eclipsed by the 
oil and carbide methods, but in the world of 
chemistry changes in viewpoint may take place 
overnight, and it would not surprise me if this 
aspect became very important. Herc again we 
have in this country a large agricultural industry 
which could undoubtedly benefit by an industrial 
outlet for its products. Such a change in the 
agricultural outlook would undoubtedly react 
on the rural transmission and distribution of 
electricity. 

5. Conclusion 

I must. apologize for having led you this even­
ing into a very speculative forecast. I feel, how­
ever, that we in the Transmission Section should 
realize the interconnection between our work and 
that of physicists and of synthetic chemists, 
coupled with the possible reaction of the chem­
ists' work on the prosperity of other industries 
such as the coal and agricultural industries and 
the subsequent or co-ordinated reaction on our 
own work. 

The utilization of these products of the chem­
ists' effort will entail on our part serious study 
of economics and of standardization. One draw­
back of a plentitude of potentialities is that, 
without judicious standardization, mass produc­
tion cannot be set up and the economies gained 
may be seriously lessened or even entirely lost. 

I t  is clear that the tasks which lie ahead of us 
at the conclusion of our first decade of existence 
are no less arduous than those we have under­
taken in the past. It is also clear that. despite the 
handicaps of war our progress over the last five 
years, although largely unpublicized, has placed 
us in a position to look forward to extraordinary 
progress during the next five years. 

In one aspect J find some lack of progress : as 
far as I can ascertain the membership of this 
Section has remained practically stationary over 
the last few years. This may be a natural out.-

come of the \var-or it may be, as has been sug­
gested to me, that we have reached an approxi­
mate saturation of the "cream" of transmission 
engineers. \Ve need, however, in the years ahead 
all the assistance we can obtain in developing 
transmission systems in every detail of their 
make-up, and I myself would welcome a further 
influx of suitable members to strengthen our 
hands in this task. 
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Editor's Nate: Since this paper was presented before the A . I.E.E. ,  commercial transatlantic telegraph 
service was resµ,med between France and the U.S.A . through the inauguration of "Station 25" in liberated 
France by the lVfackay Radio and Telegraph Company. TIJe 20-kilowatt high-frequency transmitter Pro­
vided for this station, and constructed by the Federal Telephone and Radio Corporation, affords facilities 
for the twenty-second radio telegraph circuit established by J·fockay Radio since the attack on Pearl 
Harbor on December 7, 1941. Until released by the military authorities the service will be limited to press 
and Government telegrams. 

FOUR record communication operating or­
ganizations constitute the far flung system 
of the International Telephone and Tele­

graph Corporation which provides telegraphic 
connections between the continental United 
States and the outside world. These companies 
are : 

All American Cables and Radio, Inc. 
The Commercial Cable Company 
The Commercial Pacific Cable Company 
The Mackay Radio and Telegraph Company 

and operate as a group under the management 
of the American Cable and Radio Corporation. 
A brief historical review of each of these follows. 

All America Cables and Radio, Inc. 

It was as early as 1865, upon the termination 
of our Civil War, that the first American com­
pany was formed to connect the United States 
by cable with any of our neighbors to the south. 
The Company was the International Ocean Tele­
graph Company. It laid a cable between Punta 
Rassa, Florida, and Havana via Key vVest, 
which was first opened to the public in 1866. It  
is interesting to recall that the first tariff over 
this short cable was $10 for a message of ten 
words and Sl for each word in excess. 

The leading spirit of this enterprise was Mr. 
James A. Scrymser, who later withdrew from it. 

* Paper presented at the .\ .I .E.E. summer Lechnical 
meeting, St. Louis, Missouri, J unt> 26-30, 194-t. 

In 1878 control of the Company was obtained 
by Mr. Jay Gould, and the capital was increased 
from $ 1 ,500,000 to $3,000,000. The Western 
Union Telegraph Company then leased the Com­
pany for ninety-nine years and guaranteed six 
percent on the increased capital. 

Although Mr. Scrymser's part in the Inter­
national Ocean Telegraph Company ceased when 
the control of the Company passed into other 
hands, his interest in cable communication be­
tween the United States and the other American 
republics was to continue throughout a long and 
active life. He organized the Mexican Telegraph 
Company, which was formed in 1878, as well as 
the Central and South American Telegraph Com­
pany, which opened its lines to the public in 1882. 
These were the foundations upon which the All 
America Cables and Radio system of today was 
built. 

The M exican Telegraph Company was created 
with a view to meeting the international tele­
graph requirements of Mexico. The first cable 
terminus in the United States was at Browns­
ville, Texas, and the cable was laid in 188 1  to 
Vera Cruz and Coatzalcoalcos in Mexico. From 
these points landlines were constructed to Mexico 
City and Salina Cruz respectively. The Central 
and South American Telegraph Company's first 
cable was laid in 1 882 south from Salina Cruz, 
Mexico, through the republics of Central Amer­
ica and thence down the west coast of South 
America as far as Chorillos near Lima, Peru. In 
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connection with this extension two facts are 
worth recording : (1) in laying its lines through the 
Central American area, where population in com­
parison to the large South American cities was 
small and where the volume of traffic was rela­
tively inconsiderable, the Central American re­
publics were provided with excellent interna­
tional telegraph facilities at a comparatively 
early date, and this fact cannot fail to have been 
a most favorable factor in the development of 
their foreign trade ; (2) the Central and South 
American Telegraph Company is responsible for 
rate reductions which the extension of its lines 
to Lima in 1882 rendered possible. Prior to 1 882 

the rate between the U. S. A. and the Argentine 
Republic-to give a single example-was $7.50 

per word and the service was by way of Europe. 
In 1882,  via the Central and South American 
Telegraph Companv's lines to Lima and over 
connecting lines beyond Lima, a rate of $1 .85 

per word was established between the U.  S. A. 
and the Argentine Republic-a most drastic re­
duction, the advantages of which to commerce 
in general and the users of telegraph communica­
tions in particular are obvious. Among such ad­
vantages \Vas the existence of a competitive 
service between South America and Europe via 
the United States. Innumerable reductions of the 
basic tariffs have been introduced since then, as 
well as the cheaper classifications of service now 
familiar to all. 

In 1 891 , following the termination of a traffic 
agreement with the West Coast of America Tele­
graph Company, a cable was laid from Chorillos, 
Peru, to Valparaiso, Chile, by way of lquique, so 
that thenceforth the companies were able to 
serve the entire west coast of South America over 
their own lines. There still remained, however, 
the need of an independent connection between 
the United States and the east coast, and to 
secure this the Transandine Telegraph Company, 
which operated 1 ,200 miles of landlines between 
Chile and Argentina. was purchased in 1 89 1 .  The 
addition of this important link made possible the 
inauguration of a through cable service from 
Galveston, Texas, to Buenos Aires and estab­
lished the foundation for the ultimate extension 
of the system to Uruguay and Brazil in 1920. 

lt is not the purpose of this paper to enumerate 
the various cables laid or the points which they 
connected. 

In 1917  the name of the Central and South 
American Telegraph Company was changed to 
All America Cables, Inc. ; in 1926 All America 
Cables sold a majority interest in the Mexican 
Telegraph Company to the Western Union Tele­
graph Company. 

The Company"s principal radio telegraph and 
radio telephone stations are at Lima, Peru, and 
Bogota, Colombia. Smaller radio telegraph sta­
tions are operated at other points in Central and 
South America. It owns or operates under lease 
29,208 nautical miles of submarine or subfluvial 
cable and 3,577 statute miles of telegraph land­
lines in connection therewith. It maintains one 
or more offices at 68 different points in 24 
countries or islands of the western hemisphere. 

In 1927 All America Cables became an associ­
ated company of International Telephone and 
Telegraph Corporation and in 1938 the name was 
changed to All America Cables and Radio, Inc. 

The Commercial Cable and Commercial 
Pacific Cable Companies 

In the beginning of the 1 880s the telegraph 
facilities between the United States and Europe 
were preponderantly foreign and included the 
cables of the Anglo American Telegraph Co. 
Ltd. and the Direct United States Telegraph Co. 
Ltd. ,  both British , as well as those of the French 
Cable Company. The American Telegraph and 
Cable Company had two cables leased by West­
ern Union. All of these companies had entered 
into an agreement for pooling their receipts and 
fixing rates. 

In order to break this communications mo­
nopoly and to enable American interests to bene­
fit from more reasonable rates, Mr. John W. 
Mackay and Mr. James Gordon Bennett entered 
into a partnership which resulted in the forma­
tion of The Commercial Cable Company and the 
laying of its first two cables in 1 884 between 
Canso, Nova Scotia, and Waterville, Ireland, 
with extensions to the United States on one side 
and to England and France on the other side. 
The reduced rates offered by The Commercial 
Cable Company resulted in a prolonged rate war 
between that Company and the foreign con­
trolled pool, which had theretofore maintained 
a charge of 50 cents per word across the At­
lantic. Despite the pressure brought to bear upon 
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Type of high frequency radio transmitter now being em­
ployed at "Station 25" in liberated France by the Mackay 
Radio and Telegraph Company. This transmitter was de­
signed and built for 1Vfackay by the Federal Telephone and 
Radio Corporation. Behind the smaller panel at the left are 
the three crystal control units and the driver; at the right is 
the 20-kilowatt power amplifier. The transmitter may be 
switched instantly to any of three preset frequencies from 
300 kilocycles to 24 megacycles. 

it to join the ex1stmg pool and maintain the 
higher rates, The Commercial Cable Company 
insisted upon applying lower rates with the result 
that 25 cents a word was finally adopted by all 
Companies. 

In 1894 the third main cable was laid across 
the Atlantic and subsequently three other trans­
Atlantic cables were added to The Commercial 
Cable Company's system, together with a num­
ber of coastal cables on the American seaboard 
and on the European side. These provided an 
adequate network which gave the Company not 
only an efficient outlet for its cables on both sides 
of the Atlantic, but also provided alternate routes 
in case of interruption. 
. During the first years of this century, The 

Commercial Cable Company moved into the 
Pacific. The Commercial Pacific Cable Company 
was formed and, after formidable difficulties had 
been overcome, a cable was laid from San Fran­
cisco to Honolulu in 1902 and thence to M idway 

Island, Guam and Manila, with extensions to 
China and Japan. Some idea of the physical 
obstacles encountered may be formed from the 
fact that not only was the cable longer than any 
previously laid-for example, the distance be­
tween San Francisco and Shanghai is in the 
neighborhood of 9,000 miles-but greater depths 
were met than any in which cables had ever been 
laid, reaching over 5 ,000 fathoms, or more than 
five and a half miles. The cable has been success­
fully raised for repairs from a depth of over 4,000 

fathoms. With the completion of the Shanghai 
extension in 1906, telegraphic encirclement of 
the globe was achieved and on July 4th of that 
year President Theodore Roosevelt and Mr. 
Clarence H. Mackay, President of The Commer­
cial Cable Company, exchanged the first tele­
graph messages that ever travelled entirely 
around the world. The message from President 
Roosevelt was delivered to Mr. Mackay in nine 
minutes after it _was filed. 

The inauguration of service over the Pacific 
cable resulted in immediate rate reductions be­
tween San Francisco and China from $ 1 .  72 per 
word via the Atlantic to $ 1 . 1 0  via Commercial 
Pacific , the Philippines from $2.47 to $1 .00 per 
word, and Japan from $1 .88 to $1 .21  per word. 
Subsequently, these have undergone further sub­
stantial reductions. 

In the following years, The Commercial Cable 
Company expanded its communication network 
in the Atlantic to 23, 1 7 7  miles and in the Pacific 
to 10,068 miles-a total of 33,245 miles of sub­
marine cables, and established its own operating 
stations in various strategic points providing 
direct connections between New York and Lon­
don, Paris, Antwerp, Brussels, Rotterdam, etc. 
It has at present one or more cable offices in 16 

of the most important points in Great Britain 
and Ireland. 

In 1928 The Commercial Cable Company be­
came an associated company of International 
Telephone and Telegraph Corporation. 

TECHNICAL DEVELOPMENTS IN THE OPERATION 

OF CABLES 

Submarine cables have always been very ex­
pensive ventures and great hazards were involved 
in the beginning when the difficulties were still 
unknown. After a few cables had been · laid, the 
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conditions and risks limiting them began to be 
known, but the general engineering in connection 
with the first long cables was so sound that their 
type has since been altered but very little. The 
early technique of operating cables was in the 
hands of a small group of men, who were not 
engineers or scientists, but who merely tried hard 
to make the most of what was available. 

ln 1858 Sir William Thomson introduced the 
first means of receiving the very weak signals 
arriving over long cables using a mirror instru­
ment, which was a form of reflecting galvanom­
eter, and the signals were read from the move­
ments of the spot of light. Sir William Thomson 
also made the first improvement on this method 
of reception when he invented the siphon recorder 
in 1867, which recorded the signals on a strip of 
paper in the form of a wavy line of ink. This in­
strument gradually supplanted the mirror on all 
long cable sections so that, when the first cables 
of the All America system were laid in 188 1 ,  the 
siphon recorder was naturally installed as the 
receiving instrument. 

To prevent friction on the recorder paper, the 
siphon was maintained a short distance from the 
surface of the paper and the ink was electrified, 
which caused it to spurt in dots onto the paper. 
A great improvement was made in 1884, when 
one of the All "\merica staff, Mr. G. F. Pescod, 
devised a method of mechanically vibrating the 
siphon giving a fine dotted line to the record and 
still overcoming the paper friction. This system 
of mechanical vibration was soon adopted by 
every "recorder" telegraph station throughout 
the world. 

As the All .\merica system to South America 
was made up of a long series of cables forming a 
chain, linking the cables by relay was obviously 
necessary. Successive stages of development over 
the years have brought about the present day 
fully automatic synchronous regenerated relay 
chain. 

The first method employed the human relay 
where the operator at the first station sent his 
message by hand key. At the other end of the 
cable, the receiving operator received the message 
from the tape and it was retransmitted by hand. 
This process was repeated until Lhe message ar­
rived at its destination. With the "human relay" 
chain, the transmission time factor was good ; 
however, there were the limitations in the rate 

of sending and the human element which intro­
duced errors. Development was concentrated in 
efforts to overcome these two adverse elements. 

To increase the speed of sending messages the 
use of automatic cable transmitters was adopted 
as these became available on the market. In the 
early days, lhe paper transmitting tape was 
perforated by the hand operated "stick" punch 
which itself imposed a limit on the transmitting 
speed per operator, as each signalling hole in the 
tape had to be individually punched. This limit 
was raised by the keyboard perforator, which 
punched a complete letter group of holes with 
one depression of a key on a keyboard similar to 
that of a typewriter. 

The speed problem also depended on condi­
tions at the receiving end. The amplitude of the 
incoming signal depends on the electrical con­
stants of the cable and so is a fixed quantity for 
given sending conditions. To care for the smaller 
amplitudes associated with the higher sending 
speeds magnifiers were used as they became avail­
able. The first of these experimented with were 
light sensitive cells, but subsequently the familiar 
Heurtley magnifier was adopted ; it depends for 
its action on the change of resistance with tem­
perature of a very fine platinum wire. As might 
be expected, electronic valve methods constitute 
the ultimate in magnifiers, but these have not as 
yet been adopted by this system. 

Since the start of the system in 1881 these 
cables have been duplexed, permitting simul­
taneous operation in both directions, and every 
speed increase has called for improvements in 
the "balance" involved in the proper adj ustment 
of the special circuits used. This is where long 
experience and individual skill give results. Ob­
taining a good balance is still largely a trial and 
error empirical problem. 

Progress on the problem of reducing the human 
element paralleled the efforts to increase the 
speed of transmission. The first thing to be done 
was to obtain a cable relay that was reliable and 
this was only possible after automatic transmis­
sion had been installed at all sending stations. 
The Muirhead gold wire relay proved the most 
suitable after it had been changed somewhat from 
the original design. First there were single relays 
between two cables and then extension was pos­
sible, linking two and finally three cables in 
tandem to form a chain. 
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Each relay, however, retained and passed 
along some of the distortion accumulated on 
previous links. To overcome this handicap we · 
developed an automatic reperforator to punch a 
new transmitting tape automatically from the re­
layed signals. This gave the means of setting up 
complete chains from station of origin to station 
of destination without any human retransmis­
sion, but at the sacrifice of introducing a small 
time lag at each reperforating point. This step 
forward emphasized the disadvantages of the 
variability of the transmitter speed which im­
posed a limit to the stability of working. This 
problem was solved by making use of tuning forks 
to control the speed of the automatic transmitter. 

With the advent of the tuning fork speed con­
trol came another possibility which was taken 
advantage of by the development of the syn­
chronous regenerator whereby a new signal could 
be regenerated and sent directly into the next 
cable section as a perfect signal instead of punch­
mg a whole new tape. Thus the accumulated 

distortion of the relays was eliminated, as also 
was the time lag due to punching a new tape. 

Thus was evolved the achievement of sending 
messages automatically from one end of the sys­
tem to the other without human intervention at 
intermediate points ; and, also, of providing for 
branching traffic by automatically reperforating 
a new transmitting tape at the appropriate point. 
The human error factor was thus reduced to the 
original sender and the ultimate receiver and, of 
these two, only the human receiver could be 
eliminated. This was done by the development of 
an automatic printer method which takes the 
signals coming from the cable and automatically 
records them as regular printed characters on a 
continuous paper tape or, preferably, as printed 
characters in page form ready for delivery to the 
customer. 

While landline telegraphs were developing 
carrier transmission, this principle was not ne­
glected by the cable companies. A form of higher 
frequency transmission was superimposed on 

Historic Lafayette radio transm·itter station built by th� Federal Telegraph _Compa11;y for the United States JYavy near Bor-
d x France during World War [-the largest transm·1tter ever built. The illustration shows the two 1000-kilowatt Poulsen 
a���e�erators 

'
which permitted efficient and reliable communication across the Atlantic Ocean on long wavelengths. 
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short cables in order to make use of their extra 
carrying capacity in excess of that of the long 
cables with which they were linked. 

Due to advances in methods of operation on 
the old cables and to basic cable design which 
permitted higher speeds on some of the new 
cables, it was found possible in some cases to 
secure transmission speeds in excess of the ca­
pacity of one operator to transmit or to receive 
and, therefore, methods for making available 
more than one channel per cable were introduced 
and adopted. 

An interesting phase of long automatic chains 
has been the development of "selectors" whereby 
the sending station can call the attention of any 
desired station to a particular circuit or can auto­
matically start up an automatic reperforator and 
punch a new tape at any required point. 

·while radio telegraphy over long distances was 
making use of long waves ( 10,000 to 30,000 
meters-a system which involved very expensive 
terminal installations at each end) , the cable 
companies showed very little interest in adopting 
radio methods although The Commercial Cable 
Company, in 192 1 ,  acquired control of the Radio 
Communications Company, Inc. \iVhen short 
wave transmission was demonstrated as prac­
tical, the Mackay Company, at that time the 
parent company of The Commercial Cable Com­
pany, acquired the communication system of the 
Federal Telegraph Company of California which, 
with the Radio Communications Company re­
ferred to above, led to the formation of the 
Mackay Radio and Telegraph Company. Mean­
while, All America Cables acquired radio con­
cessions in various countries and installed at first 
experimental and later commercial radio stations 
to parallel or supplement its cable links. 

The Mackay Radio and Telegraph Company 

The Federal Telegraph Company commenced 
activities in California about 1909, having been 
organized by a group of Stanford University men 
who had secured rights to the patents of Poulsen 
and Pedersen of Copenhagen, Denmark. At that 
time, the only workable method of radio com­
munication was by the use of damped waves 
generated by the spark type of equipment. This 
method was inherently inefficient and the power 
available at the transmitter could only be par-

tially utilized. Practical application was confined 
largely to communication with ships at sea, and 
the use of radio for point-to-point telegraphy 
was very limited, largely because of the inability 
to cover long distances reliably, particularly in 
the daytime, such reliability being necessary to 
compete with other established communication 
systems. 

The Danish inventors had developed a type 
of high frequency generator employing an elec­
tric arc in an atmosphere of hydrogen which 
made possible the first successful method of com­
municating with sustained or undamped waves, 
giving the Federal Telegraph Company a great 
advantage over others because this method en­
abled all the available power to be efficiently con­
centrated in a single wave and also permitted the 
full effective use of newly discovered methods of 
reception which were not particularly applicable 
to the damped wave, spark type of system. While 
some of the advantages of sustained wave trans­
mission were known prior to the advent of the 
Poulsen arc, there was no way of using that 
method for commercial systems because the only 
instrumentalities available for generating the re­
quired currents were incapable of developing any 
appreciable power. The Poulsen arc, however, 
provided a means of generating plenty of power 
with a relatively simple apparatus not involving 
intricate or unstable features. 

The Federal Telegraph Company promptly 
established commercial radio telegraph services 
between San Francisco, Los Angeles, San Diego 
and Portland (Oregon) in 191 1 and between San 
Francisco and Honolulu in 1912 ,  using wave­
lengths of the order of 3,000 to 10,000 meters, 
competing for business with the e,"Xisting landline 
telegraph and cable companies at lower rates. 
This business grew to such a point in 1915  that 
additional facilities were added for the purpose 
of providing duplex operation, and extra trans­
mitting and receiving stations at San Francisco 
and Los Angeles were created to increase the 
number of channels. The immediate success of 
the long distance transocean circuit between 
San Francisco and Honolulu in 1912  encouraged 
the Federal Telegraph Company and the Navy 
Department to install a Federal arc transmitter 
at the Navy Department's radio station at 
Arlington, Virginia, in 1912 ,  as a result of which 
the Arlington station was able to communicate 
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with the San Francisc;:o and Honolulu stations 
during daylight hours, a feat never before ac­
complished. The success of these and other trials 
caused the Navy Department to adopt the 
Federal arc system as standard for its service. 
An extensive construction program was started 
in 1913  covering a chain of high power Navy 
radio stations, connecting Washington, D. C. ,  
with the Canal Zone, California, Hawaii, the 
Philippines and Puerto Rico, ranging in power 
from 100-500 kw. , together with a secondary 
system of medium power equipments at all im­
portant Naval establishments on U. S. A. terri­
tory and on ships of the Fleet. The climax to this 
development was reached with the construction 
of the large radio station built near Bordeaux, 
France, during World War I ,  for which the 
Federal Telegraph Company supplied two trans­
mitters of 1 ,000 kw. each. 

In 1914 the Company, at San Francisco, 
entered the marine radio field which enabled 
ships, plying the Pacific, to secure daylight 
communication over vast distances theretofore 
impossible. 

Following World War I ,  the Company con­
structed a new communication system for itself 
along the Pacific Coast in 192 1 ,  equipped for 
three complete duplex telegraph channels be­
tween San Francisco and Portland and three be­
tween San Francisco and Los Angeles, together 
with other innovations, including remote receiv­
ing stations, enabling terminals for both sending 
and receiving messages to be set up and operated 
in downtown business offices in the respective 
cities. Time and expense of handling messages 
between these city centers and the radio stations, 
which had to be located on the outskirts, were 
thus eliminated. An example of such direct 
handling was the service given for many years 
between the floors of the San Francisco and Los 
Angeles stock exchanges where traders could get 
buy and sell order messages delivered in a matter 
of seconds. 

This point-to-point service continued with the 
original domestic rate schedules established in 
191 1 ,  which were similar to those offered by the 
land wire systems, except that 15 words were 
permitted .as a minimum instead of the usual 10,  

and 60 words instead of 50 for day and night 
letters. This general rate schedule continued until 

domestic radio telegraph operations were dis­
continued in 1942 due to the war. 

As has been stated, Mackay Radi0 and Tele­
graph Company acquired the system of the 
Federal Telegraph Company in 1927.  Not long 
after that, it also purchased the entire Federal 
Company, thereby securing its manufacturing 
facilities and other assets. These latter, greatly 
expanded, are today comprised in the I .  T. & T. 
subsidiary, Federal Telephone and Radio Cor­
poration, with factories located in the Newark, 
New Jersey area, and development and research 
laboratories in New York City. 

Since 1927 Mackay Radio with Federal Tele­
graph as its manufacturer embarked on an ex­
tensive reconstruction program coupled with 
new construction employing the new found tech­
nique of short wave transmission and expanded 
its service to many other American cities and 
internationally to important points in Europe, 
Africa, Central and South America, New Zealand, 
Australia and the Orient so that it now directly 
serves 28 points beyond the continental U. S. A. 
It has also built up an extensive ship-to-shore 
radio telegraph service having seven radio sta­
tions along the U. S. A. coasts and service con­
tracts covering radio facilities on 1 , 1 00 American 
vessels, with service depots in 1 7  United States 
ports and world wide service arrangements with 
associated companies. 

Improved technical means have progressed as 
this communication system has developed, mak­
ing possible higher transmission speeds, more 
effective directive antennas and refinements in 
apparatus details made available through ad­
vances in the radio sciences. Automatic relay 
methods for interconnecting radio telegraph cir­
cuits have also been regularly employed. Trans­
mission speeds as high as 500 words per minute 
have been successfully employed over long dis­
tance circuits. A service for the transmission of 
pictures and facsimile material has been pro­
vided. With the advent of very high frequency 
wave generation and detection technique in re­
cent years, radio control facilities, employing 
these very short waves, have been established 
between the radio terminal offices in city centers 
and the outlying radio transmitting and receiving 
stations associated with them. Such radio con­
nections are now used to a large extent in lieu of 
wire lines. 
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A Proposal for A Global Shortwave Broadcasting System * 
Editor's Note: The following article, in non-technical form, originally was published by the Federal 

Telephone and Radio Corporation to aid in the materialization of adequate international broadcasting 
facilities on the part of the U.S.A. In view of the interest evoked, this article is reprinted in "Electrical 
Communication. ' '  

LEADING nations of the world long have 
recognized pmverful shortwave broad­
casting as essential to international rela­

tions. The United States, less pressed by its 
neighbors, has not in the past stressed interna­
tional broadcasting, but World War I I  and its 
repercussions obviously necessitate presenting 
American events and ideas to the rest of the 
world in the most rapid, direct, and effective 
manner possible. For this purpose, global broad­
casting clearly ranks as the foremost of the avail­
able media. Thus, a basic problem now confront­
ing the nation is how best to provide completely 
effective world radio coverage. 

The utilization of numerous broadcasting sta­
tions powered at 50 or 100 kilowatts represents 
an approach that is demonstrably inadequate 
from the viewpoint of efficiency, clarity and re­
liability of reception , and reasonable freedom 
from "jamming" by unfriendly stations. Studies 
by the Federal Telephone and Radio Corporation 
in collaboration with International Telephone 
and Telegraph Corporation engineers, on the 
other hand, show that a superpower broadcasting 
system, comprising 1 2  stations individually 
powered at 200 kilowatts and grouped in an east 
coast area and in a west coast area, would effec­
tively meet the requirements for world coverage. 

The basic idea of a plan for such a super­
broadcasting system was originally presented to 
United States Government authorities in Sep­
tember, 1941 , by the Federal Telephone and 
Radio Corporation, an affiliate of the Interna­
tional Telephone and Telegraph Corporation. 
The present description , it is felt, will aid in 
visualizing this sizable and necessarily complex 
proposal and thus contribute towards the realiza­
tion of an American international broadcasting 

* Article compiled by F. J. Mann of the editorial staff of 
Electrical Communication. 

Copyright 1944, Federal Telephone and Radio Corpora­
tion. 

system commensurate with the position of the 
United States in world affairs. 

High Power, Directional Beams for Global 
Range 

While the power of each of the twelve 200-
kilowatt transmitters in the proposed superpower 
broadcasting system would be about double that 
of any transmitter now known to be in operation, 
efficient radiation of this energy would be im­
perative for world-wide coverage. The signals, 
moreover, would he radiated from highly direc­
tive antennas, thus concentrating the energy into 
sharply focused beams in order to cover given 
world areas or zones with signals of maximum 
intensity. The signal strength on the path of any 
zone, in fact, would be the same as that produced 
by a five million-watt broadcaster with a con­
ventional non-directive antenna. Since twelve 
simultaneous transmissions of equal power to 
separate zones would be possible-all on fre­
quencies most suitable for reaching a particular 
area at a specific time of day and year t-the 
effective output of the entire system would be 
greater than sixty million watts broadcast from 
a single transmitter with non-directional radia­
tion such as is generally used with broadcasting 
stations operating in the intermediate frequency 
broadcast bands. 

Signals of this magnitude would make possible 
regular reception of programs in the most distant 
areas despite occasional jamming by unfriendly 
stations. Jamming, it should be explained , is ac­
complished by transmitting noises or tones to 
prevent normal broadcasts from being heard. It  
can be overcome either by broadcasting signals 
powerful enough to override the jamming signal 
or by shifting frequency. The proposed system 
would provide transmitters so powerful and 

t See appendix. 
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capable of operating on so many different fre­
quencies that radio broadcasts from these Amer­
ican stations would be largely free from any 
interference of this type likely to be encountered. 

Not only would a broadcasting system of the 
size proposed permit direct reception of clear, 
steady signals capable of overriding all types of 
interference, but it would also provide programs 
ideally suited for rebroadcasting by foreign net­
works. Rebroadcasts of this character are made 
after the programs are picked up with a special 
high quality radio receiver and distributed over 
telephone lines to the various local network sta­
tions. Since the rebroadcasting transmitters oper­
ate on the local intermediate frequency, persons 
in distant countries not equipped with sensitive 
shortwave receivers may also listen to the pro­
grams on their present intermediate frequency 
radios. 

I. 1'. & 1'. Pioneer Builder of High-Power 
Broadcasters 

For more than ten years, International Tele­
phone and Telegraph System companies have 
acquired valuable and extensive experience in 
the design, construction, and operation of large 
broadcasting centers similar to the one proposed. 
Due to the continuous demand from many Euro­
pean sources for increasingly greater power, these 
companies carried high-power radio research and 
development well ahead of what was deemed 
necessary in America in past years, so that 
they are now well equipped to produce large 
transmitters. 

Out of more than 100 powerful transmitters 
supplied by l. T. & T. associate companies, the 
following are of interest as establishing the record 
of progress during the past decade or more, here 
and in Europe. 

PRAGUE, CZECHOSLOVAKIA : medium wave-1 
transmitter of 120 kilowatts-lCl30 

DAVENTRY, ENGLAND : short wave-2 trans­
mitters of 80 kilowatts-1937 

ROME, ITALY : short wave-2 transmitters of 
100 kilowatts-1939 

IssounuN, FRANCE : short wave-4 trans­
mitters of 1 20 kilowatts-not completed 

BRENTWOOD, NEw YoRK: short wave-3 trans­
mitters of SO kilowatts-1942 

Further, for more than ten years, I .  T. & T. 
associate companies have manufactured or de­
veloped vacuum tubes capable of 100-kilowatt 
output and, more recently, vacuum tubes capable 
of 250-kilowatt continuous output on short 
waves and others for continuous SOD-kilowatt  
operation on medium waves. 

Operutint; Flexibility 

Not only does this proposed design follow 
sound experience and principles developed by 
the l .  T. & T. System in the past, but it provides 
for flexibility of operation of each center that 
should meet new demands likely to arise in the 
next few years. This flexibility, ample for all 
requirements, would be provided as follows : 

1 .  One or more programs could be transmitted 
on several frequencies in any zone or any desired 
combination of zones. 

2. Transmitters would be designed so that 
they could operate on the same frequency into 
separate halves of an antenna to give the equiva­
lent of a 400-kilowatt transmitter in a given zone. 

3. c\ntennas would be constructed to serve in 
any desired zone and on all frequencies suitable 
for a given zone or area. 

lf, after completion of the proposed broad­
casting system, we should fly over the east coast 
center, the imposing number of antennas ar­
ranged in a semicircle-thirty-two antennas in 
all-would first attract our attention. They 
would cover, with the transmitter buildings and 
power input substations, an area of flat land 
approximately two miles long and one mile 
wide-the area to he unsettled and free of nearby 
hills and rnoun tains. 

Some of the antennas would be supported from 
wooden poles and some from steel masts, de­
pending on the lengths of the wires and their 
heights from the ground. There would be a great 
variety of sizes of antennas, but only two shapes 
or patterns would be noted. The rectangular­
shaped antennas would be the multi-element ar­
rays for use on specific frequencies in the short­
wave broadcast band. These would be the an­
tennas normally used. The diamond-shaped, or 
rhombic, antennas would provide for operation 
on any frequency in the shortwave broadcast 
band. Thus, efficient operation would be achieved 
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\vith the multi-element arrays on the specific as­
signed frequencies of the station , while the 
rhombic antennas would ensure frequency flexi­
bility necessary to avoid jamming from other 
stations, or provide for sperial hroadrasts on 
frequencies not regularly assigned . 

Array-type antennas haVl' heen rhosen as the 
prinripal radiators for this gfohal shortwave 
broadcasting system since they are the most 
effident type of antenna structure for high-power, 
shortwave, dirertional transmission. This type 
of antenna has heen perferted to a high degree 
by International Telephone and Telegraph Sys­
tem engineers who have engaged in extensive re­
search and development of antenna equipment 
for the many radio telephone and telegraph in­
stallations of the I .  T. & T. System throughout 
the world . Research has made it possible to 
formulate design data required to control the 
specific direction as well as the angle of radiation 
within extremely close limits. 

Arrays are usually designed for operation on a 
specific frequency. Earh array antenna also 
would operate in a particular direction. This 
accounts for the large number of antennas that 
would he needed for regular multiple-frequency 
operation in the various zones. l t should be 
pointed out that a small group of complicated 
and expensive rotatable antennas would not pro­
vide the required flexibility and multi-frequency 
operation necessary for a successful system. 
Moreover, they would he expensive and require 
more maintenance than the proposed antennas. 

Ability to operate two transmitters tuned to the 
same frequency into a single array is an important 
feature of the proposed antenna system. This would 
result in 400 ,000 watts equivalent carrier output 
concentrated into the zone served by the antenna 
thus connected-an effective power output eight 
times greater than most broadcasting transmitters 
now operating in this country and about four times 
greater than any operating in this country or else­
where. Such operation would make 'increased hours 
of service possible when conditions are adverse. 

Rhombic antennas, while not so efficient as the 
arrays, are simple to construct and may easily be 
adjusted to any frequency within the shortwave 
broadcast band . They would be included only 
for use under emergency conditions or when it 
mighi become desirable to operate a transmitter 
on a frequency for which no array is provided. 

Transmitter Buildings 

I nstead of the usual single transmitter build­
ing, there would be two modern concrete and 
glass buildings, identical in size and appearance 
at each site, making a total of four buildings for 
the system. They would be located within the 
area of the semicircle and spaced a good distance 
apart. By dividing the equipment hetween two 
separate buildings, shorter leads to the antennas 
would be practicable. Then too, the arrangement 
would provide a safety factor not possible with a 
single building since damage to one building 
would affect only half of the equipment. The 
undamaged building could still continue oper.a­
tion of half the station. A decorative pool with 
spray fountains (providing water to cool the 
equipment) would be located in front of each 
building. 

Entering one of the transmitter buildings, we 
should find ourselves in an attractive foyer. A 
short distance to the left of the foyer would be a 
door labeled "Frequency Control Room."  This 
room, containing all the radio frequency control 
equipment, would be a unique feature of the 
proposed transmitting stations. Here the high or 
radio frequencies for all the transmitters in th e 
building vvould he generated by accurate, tem­
perature-controlled, piezoelertric crystal oscilla­
tors. The regular fixed frequencies assigned to 
the stations would originate from these piezo­
electric crystal oscillators. Continuously variable 
master oscillators would be provided also to per­
mit operation on frequencies between the fixed, 
crystal-controlled frequencies officially assigned 
to the transmitters. 

l ncluded in the frequency con trol room would 
be an accurate frequency standard to assure that 
the transmitters would be kept exactly on their 
correct frequencies. This would be the "Bureau 
of Standards" of the station, where close super­
vision would be maintained over the steadiness 
of these initial frequencies, which later would he 
amplified many times and radiated from the an­
tenna system as powerful radio signals. In fact, 
with the special attention which would be given 
to the accuracy of frequency control and the ease 
of picking up their steady signals on any part of 
the earth, these stations could serve another use­
ful purpose, quite aside from broadcasting, hy 
enabling the signals to be utilized for setting 
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A ntenna disposition. 

world-wide standards of frequency measurement. 
To the rear of the foyer, doors would lead to 

the main transmitter room. Passing through 
these doors, we would come into the brightly 
lighted area housing the more powerful trans­
mitter equipment. (See illustration on page 161 .) 

Panels for the transmitters would almost cover 
the surfaces of three walls. Directly facing us 
would be a console closely resembling a console 
of a huge theater organ. On it we should see neat 
rows of switches, plugs, knobs, meters, and 
colored lights. Seated at the console would be an 
operator who, by means of the many controls, 
would coordinate the functions of the entire sta­
tion. At his fingertips would be the means of 
starting up power supplies, turning on tram;­
mitters, changing to different frequencies, switch­
ing in various programs coming from studios in 
nearby or distant cities-and, as each operation 
was performed, a different light would go on or 
off to indicate the status of a transmitter or 
power supply. At the same time other colored 
lights in other parts of the building would go on 

and off to indicate that some remote operation 
had been completed. The illusion would be 
complete-the operator would truly seem like a 
musician playing a giant color organ-only this 
instrument, while silent in the room itself, would 
have a radio voice loud enough to be heard 
around the world. 

How Rudio Signals are Broadcast 

While the scene before us would be impressive , 
to those of us who were not radio engineers the 
array of panels, colorerl lights, switches, and 
meters could easily become a confusing jumble. 
The plan of the building indicates specific names 
and locations of the major pieces of equipment, 
but without basic knowledge of the functions of 
the various apparatus, this information might 
not be specifically helpful. However, the purpose 
of the apparatus may be understood from the 
following description of how radio signals are 
broadcast. First we must note that a large radio 
broadcasting station is in reality a huge amplifier 
of two types of feeble electric currents. 
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One type is a steady alternating current whose 
alternations change millions of times a second, 
i.e. , at radio frequency. We have already seen 
how these radio frequency currents would be 
generated at the proposed station by oscillators 
in the frequency control room. From there they 
would be conducted to the RF (radio frequency) 
drivers. 

An RF driver in a transmitter amplifies the 
feeble radio frequency currents several times. 
After amplification, they pass to the much larger 
final power amplifiers where the RF energy is 
again boosted many times until it reaches its full 
output and can be connected to an antenna to 
be radiated into space. 

Amplification between the oscillator and the 
antenna is of the order of millions. At each stage 
of amplification, the apparatus for handling thi 
greater power must be increasingly larger, pro­
vided with higher voltages, and equipped with 
more and more intricate apparatus to control the 
greater powers generated. 

The resulting electromagnetic waves so gener­
ated then carry the radio signal to distant points. 
When tuned in, it can cause an electric eye tuning 
indicator to operate on a radio receiver thousands 
of miles away, but, alone, it produces no audible 
response in the receiver's loudspeaker. The name 
"carrier frequency" given to this signal describes 
its important function of acting as a means of 
carrying the voice or music of the broadcast 
program through space. The carrier, therefore, 
may be compared to an invisible telephone wire 
connected between transmitter and receiver over 
which sound currents can be transmitted. 

The other type of electric current which must 
be amplified by the transmitter originates at the 
microphone in the studio. This current varies in 
frequency with the vibrations of the speech or 
music reaching- the microphone as sound : it also 
varies proportionately to the loudness or softness 
of the sound. When these audio frequencies, as 
they have been named-generated by the micro­
phone from the sound waves-reach the trans­
mitter, · they possess only the strength of a 
whisper in a telephone receiver. But in the audio 
frequency section of the transmitter, the final 
stage of which is called the modulator, they also 
must be amplified millions of times before they 
can be made to modulate the carrier frequency-

amplification that must be effected without dis­
tortion of the signal frequencies. 

While the audio frequency currents are un­
changed in form as they are amplified, they are 
enormously increased in power. When they have 
received their final boost through the modulator, 
it would be possible to connect them directly to a 
loudspeaker. A loudspeaker large enough to 
operate on the full power of a broadcast trans­
mitter modulator would have a voice louder than 
the sound emitted from a large squadron of four­
motored bombers and would be many thousand 
times as powerful as an average large home 
loudspeaker. 

Even with such great power, the sound pro­
duced would be heard only a few miles away 
while, if equivalent energy is utilized to modu­
late a powerful radio frequency carrier, the dis­
tance sound may be heard through a radio re­
ceiver capable of being tuned to the carrier 
frequency is practically unlimited. 

For complete modulation, the audio power 
from the modulator actually must match the 
power of the radio frequency amplifier so that a 
single 200-kilowatt radio transmitter would re­
quire two 200-kilowatt amplifiers-one for audio 
frequencies and one for radio frequencies. Each 
would be very different in function, but the 
vacuum tubes used in both would be much alike 
and power supplied to each would be similar. 

We see therefore that, while the high fre­
quency or radio carrier itself cannot be heard in 
the ordinary radio receiver, the variations im­
posed upon it through modulation are at audible 
frequencies which enable the loudspeaker of the 
distant receiver to reproduce the sound. \Ve see 
also that the problem of constructing a large 
radio transmitter is the problem of producing 
equipment capable of amplifying infinitesimally 
feeble currents millions of times. 

The radio frequency, while being amplified, 
must be kept steady, free from interference, and 
must not he allowed to radiate before it is con­
nected to the antenna. The audio frequencies 
also must be kept free from interference and 
confined to their respective channels, and they 
must be amplified faithfully, that is, without 
distortion. 

The proposed main transmitter room on the opposite page 
shows the two-level arrangement of transmitters and power 
supply panels. 
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Both tasks become increasingly greater as the 
power of a transmitter is increased . The first 
amplifier stages of a 200-kilowatt transmitter 
might be very similar to the first stages of any 
other transmitter. But the final stages, the 200-
kilmvatt power amplifiers and modulators, would 
be quite unlike those of a SO-kilowatt transmitter, 
not only in size but also in the specialized design 
and construction necessary to handle this greater 
power. 

Layout of a 200-Kilowatt Broadcasting 
Station 

Returning now to the station plan, we note 
that the various amplifiers are segregated in rela­
tion to function and to power. At the left of the 
console arc the audio racks containing amplifiers 
to give an initial boost to the program material 
coming in on the telephone lines from the studios. 
These racks would be provided with patch boards 
to permit any prog-ram to be connected , by means 
of lines running from the racks, to suitable 
switches on the console. Operation of these 
switches would permit connecting separate pro­
grams to each of the four modulators locater! 
to"vard the rear of the building ; or a single pro­
gram might be connected to all four. 

Three RF drivers are shown located in cabinets 
on either side of the building, making a total of 
six drivers to connect to the six penultimate and 
final power amplifiers located in rows behind 
them. These drivers and amplifiers would step up 
the radio frequency currents generated in the 
frequency control room, previously described, to 
the power necessary for reliable long-distance 
broadcasting, that is, to the ful l  200 kilowatts 
output. 

It should he noted that fifty per cent more 
radio than audio frequency equipment would be 
provided. This ratio would exist in all the trans­
mitter buildings. Four programs could actually 
be transmitted simultaneously from the single 
transmitter building shown since then' would be 
four modulators. The additional radio frequency 
equipment would enable the operators to preset 
the frequencies of the two radio frequency sec­
tions not in service while the other four sections 
an' in operation . Two of the program channels 
could then be switched hy means of controls on 
the console to the two idle radio frequency sec-

tions, thereby permitting instantaneous change 
of frequency . Thus, all switching and control 
operations necessary to change an RF power 
amplifier and its pre-amplifier stages from one 
frequency to another could be performed with 
the power off and without taking a transmitter 
off the air. 

Ready access to all heavy power transformers, 
rectifiers, power control equipment, and air con­
ditioning and water cooling machinery in the 
basement would be provided by stairs on either 
side of the console. This power equipment would 
have panels fronting on an open area arranged 
so that meters, controls, tubes, and warning 
lights would be visible to the control operator at 
the console above-another unique feature of 
station design. 

The monitoring booths would be equipped with 
special insensitive radio receivers which would 
pick up the programs from the air and make 
them audible to the monitor operators. Complete, 
permanent recordings of all programR broadcast 
as received by the monitor radios would be made 
in these booths. Each booth also would include 
a microphone and a transcription turntable, both 
connected to the audio racks , so that, when 
necessary during an emergency or when adjust­
ments were being made, programs could be 
originated at the station itself. 

The high frequency distribution board at the 
rear of each building would carry the total power 
output of the transmitters to the antennas at 
radio frequency. The purpose of such a board is 
to permit instant connection of the output of any 
transmitter to any antenna. Since there would 
be sixteen antennas for each transmitter building 
to operate with six radio frequency power ampli­
fiers, a total of 96 switching functions must 
be possible on the switchboard, not counting 
switches to permit operating two amplifiers on 
the same antenna. The design of this s\vitchboard 
would he especially complex since the board must 
handle high voltages at extremely high fre­
quencies-a difficult problem of insulation and 
design of components, not only to prevent break­
down , hut also to assure minimum power loss. 
Power reaching such a switchboard would neces­
sarily be in its most expensive and usable form 
so that waste at this point would be particularly 
undesirable and relatively very costly. 
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Building plan showing the arrangement of station components. Each building would be equipped to 
provide for the comfort of operating personnel as well as for administration of the station. 

After lengthy study and many experiments 
with dielectrics and switch designs, I. T. & T. 
System engineers have perfected a design for a 
high frequency distribution board that is ideally 
suited to the task.1 Such a board was installed at 
the CBS International Broadcasting Station on 
Long Island, where it is now in operation, and 
has completely solved the difficulty of providing 

1 "Radio Frequency High Voltage Phenomena, "  by 
Andrew Alford and Sidnev Pickles, Electrical Communica­
tion, Vol. 18, No. 2, 1939; Electrical Engineering, Vol. 59, 
March, 1940. 

means for instantaneous interchange of radio 
frequency amplifiers among the various an­
tennas.2 In practice, this switchboard not only 
provides an efficient and fast means of switching 
from one antenna to another, but it also makes 
the operation foolproof. Switches are equipped 
with warning lights and interlocks to guard 
against the poosibility of connecting tranomitters 

" " New SO-Kilowatt CBS International Broadcasters," 
by H .  Romander, Electrical Communication, Vol. 21 ,  No. 
2, 1943. 
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to antennas already in use or of disconnecting an 
antenna while power is being fed to it. The an­
tennas of the world broadcasting system would 
be similar to those used at the CBS station and 
the same type of board would be employed. 

Giant-Sized Vacuum Tubes 

In the final power amplifiers and modulators, 
giant-sized vacuum tubes would be used. On 
short \Vaves, it is not practical to parallel a large 
number of medium-powered tubes to obtain high 
power as has been the practice on intermediate 
and long wave transmitters. Hence, the power 
tubes in a ZOO-kilowatt shortwave transmitter 
must be capable of carrying the full output of the 
station under normal conditions of continuous 
operation. 

Design of tube structures of the size proposed 

is in itself a major problem. The larger elements 
employed not only create new mechanical diffi­
culties but, as their size increases, the problems 
of design for high frequency operation mount in 
even greater proportion. As previously men­
tioned, I .  T. & T. associate companies have been 
building high-powered vacuum tubes for many 
years so that the chief obstacles to the production 
of vacuum tubes of the highest power have been 
overcome. Tubes suited to the purpose, in fact, 
have been manufactured ; they were of the sealed­
off type and were over four feet long. They are 
the largest tubes of their kind ever manufac­
tured. 3 A new design permits smaller elements 
and a slightly smaller overall size, resulting in 
improved efficiency without loss of power. This 
newer tube design would be employed in the 
proposed transmitters. 

Tubes of this size are water-cooled to permit 

efficient dissipation of the enormous heat de­
veloped in them. Distilled water conducts the 
heat from the tubes to large heat exchangers 
which are, in turn, cooled by water circulated 
through spray type fountains in front of each 

3 "Tubes for High Power Shortwave Broadcasting Sta­
tions-Their Characteristics and Use," by G. Chevigny, 
Electricat Communication, Vol. 2 1 ,  No. 3, 1943 ; Proceedings 
of the l.R.E., Vol. 3 1 ,  No. 7, July, 1943. 

building. The water in these fountain ponds can­

not be applied to the tubes directly, since even 

slight impurities would cause a current leakage. 

Power Requirements 

Enough power to supply a city of about 20,000 
persons would be the total power input require­

ments of the two sites. Substations on the east 
and west coast sites would have a capacity of 

3500 kilowatts and 2000 kilowatts, respectively 

-a total of 11 ,000 kilowatts. Both sites would 

be provided with two substations supplied from 

standard commercial power lines. Each substa­
tion would be connected to a different source of 
power so that failure of one source of supply 
would not cause shutdown of the station. 

Despite this enormous power capacity, the 

overall efficiency of the stations undoubtedly 

would exceed that of smaller stations ; for, as sta­
tion size increases, the efficiency tends to im­

prove. The proposal actually makes possible a 
tremendous saving in power cost compared with 

a large number of stations of lower power­

inadequate for world coverage. Other costs also 

would be appreciably lower since personnel, build­

ings, land, and control equipment could all be 

utilized more effectively with the higher-powered, 

centralized system. 

High power and high efficiency would be at­
tained in the proposed transmitters without 
lowering standards of performance. Quality of 

modulation, frequency response, and noise sup­
pression would be equal or superior to any short­

wave broadcast station now in operation. Real­

izing too, that it is more important to keep the 

frequency stability of such enormous powers 

within closer limits-just as it is more important, 
say, to keep a large ocean liner on its appointed 
course than a small fishing boat-the designers 

have provided for a carrier frequency deviation 
even less than permitted by international law for 
broadcasting stations operating in the high fre­
quency broadcast range. In all respects, the sys­
tem would meet or exceed the most advanced 

design �practices. 
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Appendix-How Short Waves are Broadcast 

Shortwave radio signals travel in a straight line 
much like the beam of a searchlight. We know 
that the most powerful searchlight in the world 
would never reach the earth's surface beyond the 
horizon because the curvature of the earth forms 
an impenetrable opaque "bump." But radio 
waves can skip beyond the horizon and be heard 
at a great distance, even around the world under 
favorable conditions. 

To understand this skipping, we might visual­
ize an attempt to flash a light around the corner 
of a building. It cannot be done, because light 
will not bend that way. But light can be reflected 
and if we set up a mirror tilted to the correct 
angle, the light will be reflected around the 
corner, still traveling in straight lines. 

Nature has provided such a mirror for radio 
waves, high in the sky. It is made up of the par­
ticles of the ionosphere, a region in the upper 
atmosphere where free ions and electrons exist in 
sufficient quantity to cause radio waves to be 
reflected. Like light against a mirror, radio waves 
strike this reflecting surface and bounce back to 
earth, the angle of reflection determining how far 
around the globe they will be heard. 

Some of the energy of the radio signal is lost 
from the first reflection, but, if sufficient energy 
remains, the waves may still be reflected from 
the earth back to the ionosphere and thence back 
again to earth where they will be heard much 
further away from the transmitter. The distances 
between each area of reception are known as 
"skip" distances and ordinarily the signals are 
either not heard in these areas or are of unsatis­
factory strength or quality for reliable reception 
with a minimum of fading or noise. 

Reflection determining the skip distance areas 
is itself dependent on several factors. One is the 
actual height of the ionosphere, which varies 
from 50 to 250 miles. It is higher at night than 
during the day ; higher in the winter than in the 
summer. A second is the frequency of the trans­
mitted wave ; a third the antenna design. These 
factors control the angle of reflection of the 
propagated waves which, in turn, influences the 
depth of the transmitted beam. 

The longer wavelengths, such as those assigned 
to local broadcasting stations, have a very sharp 
angle of reflection so that they require numerous 
reflections for long range propagation. Thus, tre­
mendous powers would be needed at these wave­
lengths for reliable reception more than a few 
hundred miles away. It is true that under unusual 
or freak conditions, local radio stations on me­
dium waves in New York have been heard in 
Australia or China, but this happens very rarely. 
Hence, these wavelengths are not suitable for 
great distances. 

The shortest wavelengths, called ultra-short 
waves or ultra-high frequencies, have a very flat 
angle of reflection. The angles are so flat that 
when the waves hit the ionosphere, they are 
never reflected back to earth, but keep traveling 
over the surface of the ionosphere until their 

energy is dissipated. So the ultra-short waves are 
said to behave similar to light rays and to travel 
only in a straight line. And like a beam of light, 
their range is close to the horizon. The ultra-short 
waves are excellent for local transmission and are 
valuable for television and other special broad­
cast and communication facilities. Their range is 
ordinarily limited to less than 100 miles. 

From actual experiment and operational data, 
it has been found that radio signals of frequencies 
from about 6 to 2 1  megacycles are best for long 
distance transmission. By changing frequencies 
in relation to the height of the ionosphere at the 
time of transmission, it is possible to reflect a 
radio signal to any part of the world. 

Radio waves share another property with light 
-radio energy, like light energy, can be diffused 
over a wide area or concentrated into a sharp 
beam. If the lens and reflector are removed from 
an ordinary battery flashlight, the light is hardly 
strong enough to read by in a room with no other 
light source, but the same amount of light can 
be focused into a sharp beam that will penetrate 
with good strength hundreds of feet. In the same 
manner short radio �aves can be concentrated 
into narrow beams with specially designed an­
tennas and reflectors. Such antenna systems have 
the property of increasing the effective radiation 
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to a particular segment of the earth's surface so 
that the signal reaches its destination hundreds 
and even thousands of times stronger than would 
be the case without such -concentration. The 
reliable distance range with a given power is thus 
greatly increased. 

Development has progressed to a point where 
a radio signal can be spotted on a particular area 
almost as accurately as checkers can be placed 
on a checker board. Further, it is possible to 
design antennas permitting the radio beam to 
broaden or expand so that, after the initial skip 
of several hundred miles, the signals from subse­
quent reflections would overlap enough to permit 
good reception without further skip distance. 

Directing and locating a radio wave in this 
manner greatly increases the efficiency and pre­
cision of radio propagation. Without such tech­
nique, reliable transmission over great distances 
would be impossible. Nevertheless, wherever 
radio waves must travel long distances, they meet 
barriers over which the radio engineer at present 
has no control. These barriers may be likened to 
fog or smoke between a light and its objective, 
obscuring the light. A radio signal is obscured by 
unwanted sound or noise. Some of this noise, like 

fog, results from natural phenomena called static 
or atmospherics ; some of the noise, like smoke, 
is man-made, the result of the many present-day 
applications of electricity. Whatever the cause, its 
only cure in long range broadcasting is higher 
power. It  is perfectly possible to send a radio 
signal to the other side of the world using very 
little power and, under favorable conditions, this 
signal will be heard by the far-distant radio 
listener. If the noise barrier is too great, the 
signal will still be transmitted as before, but it 
will be as unintelligible in the radio receiver as a 
whisper in a noisy room. The effective power of 
the transmitted signal must, therefore, be raised 
enough so that the received signal will be appre­
ciably louder than any type of noise coming into 
the receiver simultaneously with the signal. 

Providing a global broadcasting system thus re­
solves itself into a problem of building transmitters 
capable of radiating on specific frequencies between 
6 and 21 megacycles, capable of concentrating or 
focusing these radiations for maximum world cover­
age in relation to population centers and possessing 
power sufficient to override existing noise and thus 
produce clear and steady signals at the remotest 
points. 
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Addendum, Vol. 22, No. 1, 1944 

MARINE NAVIGATION Ams-THE RADIO DIRECTION FINDER AND 

THE GYRO-COMPASS 

For an account of the Radio Direction Finder from an historical view­
point, the reader is referred to : "The Radio Direction Finder and I ts 
Application to Navigation" by Frederick A. Kolster and Francis W. 
Dunmore, Scientific Papers of the Bureau of Standards, No. 428, pub­
lished by the Department of Commerce, Washington, D. C. ,  1922.  
This publication is now out of print but may be found in technical 
libraries. 
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