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The llawthorne Plant of the Western Electric Company 

By H. F. ALBRIGHT 
Vice-President and General Superintendent, Western Electric Company 

I T is probably a familiar fact to many that 
the Hawthorne Works of the Western 
Electric Company, is admi ttedly the world 's 

largest manufactory of telephones and telephone 
apparatus. To give a concrete idea of j us t  
what i ts bigness means i s  somewhat difficult. 
A landowner who can visualize definitely the 
extent of an acre, will realize t he significance 
of the statement that the floor space in the 
buildings aggregates eighty acres, but even 
such an expression does not convey an adequate 
impression of the imposing spread of the Haw
thorne buildings, forming as they do a notable 
landmark on the western outskirts of Chicago. 

A simple statement that the Works uses over 
1 ,500 million feet of wire in making lead cov
ered telephone cable in the course of a month  
conveys to  most persons merely an  indefinite 
sense of vastness. Such a statement may be 
made more definite if expressed in larger uni ts 
a nd shorter periods, as, for example, that the 
cable plan t uses approximately 12 ,000 miles of 
wire for an average day's output of lead cov
ered cable. This wire is insulated with con
tinuous spirals of paper ribbon amounting to 
�150 tons per month , while the lead used for 
the sheath approximates 1 50 tons for an aver
age day's output .  

I\otwithstanding the magni tude of cable 
manufacture, as indicated by these figures, i t  
by  no means forms the  major part of  H aw
thorne's activities. The manufacture of tele
phones and switchboard equipment ,  train dis
patching telephone equipmen t ,  printing tele
graph, and other apparatus, together covering 
practically the entire field of electrical com
munication, requires a much large proportion 
of space than is utilized in the manufacture of 
cable. In the switchboard shop there is bui lt  
every type of telephone switchboard from the 
small magneto to the largest central  bat tery 
central office types including the more recently 
d eveloped machine switching central office types. 
There are produced in an average year  at Haw
thorne more than 9 ,000 sections of telephone 
swi tchboard , 1 ,800,000 telephone receivers and 
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t ransmitters, 4 ,000,000 relays, 10,000,000 jacks, 
and 6,500,000 cords. 

Over 10,000 different codified types of tele
phone, telegraph and radio apparatus are manu
factured. These 10 ,000 differen t types of ap
paratus require in their completed form more 
than 1 00,000 different pieces or component 
parts. There is an i}Verage of twelve machine 
or manual operations performed on each pa:rt, 
resulting in a total of 1 ,200,000 operations. 
Some of these types of apparatus are produced 
in quantities of half a million per month.  These 
statements may help to give some conception 
of the enormous amount of work passing through 
the factory and to explain why there are re
quired buildings having a floor area of an eighth 
of a square mile. 

The first group of Hawthorne factory build
ings wq,s erected in 1904-1905 on what was then 
a barren tract of 262 acres of prairie land. They 
provided approximately 1 8Y2 acres of floor 
space. Since this first group of buildings was 
erected the factory has grown a t  an average 
rate of over 3Y2 acres of floor space per year. 
The growth still continues and at present there 
is under construction a rolling mill for pro
ducing wire rods, a wire mill and an enlarged 
woodworking department. 

Practically all of the manufacturing buildings 
are bui l t  on a uniform architectural plan , so 
that departments can be very easily regrouped 
when required by the growth of the business or 
other considerations. In a few instances, as 
in the case of cable manufact ure, a more special
ized form of building is constructed , due to 
the peculiar demands of the class of work 
involved . 

The main manufacturing group consists of 
long parallel buildings arranged at  right angles 
to main buildings which connect them together 
at  the ends .  The buildings are sixty feet in 
width which insures an ample supply of natural 
light from the numerous windows that occupy 
practically all of the side walls .  Connecting 
wings tie the parallel buildings together across 
the intervening ligh t  weHs, and furnish space 

www.americanradiohistory.com

www.americanradiohistory.com


-dlrouna 
the 

HalJJf horne 
Works 

www.americanradiohistory.com

www.americanradiohistory.com


ELECTRICAL COMMUNICATION 5 

for elevators and stairways, thus leaving the 
manufacturing areas unobstructed . Fire walls 
separate the buildings into sections each con
taining approximately 1 5,000 square feet of 
floor area. Each section is provided with a t  
least three exits equipped wi th  double fire  doors 
which dose automatically in case of fire .  

All of the buildings are of fi reproof construc
tion and equipped with a very extensive auto
matic sprinkler system. No space in any 
building is more than fifteen feet from an auto
matic sprinkler head , forty feet from a water 
pai l , sixty-five feet from a rack of 172 inch fire 
hose and seventy-five feet from a rack of 272 
inch fire hose. Whenever an automatic sprinkler 
head is actuated, it signals fire headquarters 
and indicates i ts location on an annunciator. A 
trained fire department which is on duty night 
and day responds immediately. N umerous 
manual fire alarm boxes located throughou t  
the Plant also connect with fire headquarters. 
Constant cleanliness and the prompt removal 
of all rubbish minimize fire hazards. Wide 
unencumbered aisles insure easy egress and 
frequent fire drills train the workers to evacuate 
any section promptly and without confusion.  

A great deal of attention and s tudy have been 
expended in making the factory buildings com
fortable and pleasant places in which to work. 
Very large window areas insure ample daylight 
normally , and when artificial light is necessary 
it is supplied from numerous lighting fixtures, 
efficiently located. The floors are swept each 
dq.y and in addition are scrubbed frequently,  
and in  other respects the shops as wel l  as the 
offices are kept orderly and dean. Drinking 
water which is filtered q.nd cooled is supplied 
from many sanitary drinking fountains. 

In addition to the efforts which have been 
put forth to make the inside of the buildings 
sanitary, comfortable and attractive, much 
time and thought have been devoted to the 
surroundings. The Hawthorne Works stand 
on what was originally a bare tract of yellow 
clay. Since the beginning in 1905, this plot 
has been transformed by trees, shrubs, flowers, 
broad cement roadways and sidewalks. The 
surface day hq.d to be removed and replaced by 
fertile loam to make this landscaping possible, 
but the results have well repaid the effort. It 
is sometimes hard for visitors to believe that 
the place has not been under cultivation for 

many years when they see t he numerous large 
trees which have been moved to their present 
locations. These trees at the t ime of trans
planting in many instances weighed from ten 
to twelve tons. 

Nothing unsightly is permitted to disfigure 
the grounds. All pipes, wires, etc. ,  are carried 
underground in large tunnels, 772 feet high and 
7 feet wide. Two miles of such tunnels connect 
the different buildings comprising the Works. 

S team and electric power used at the Works 
is generated in i ts own power house. Two and 
one-half million kilowatt-hours of electrical 
energy are used each month for power and 
l ight. The boilers generate 100,000,000 pounds 
of steam per month ,  and 100,000 tons of coal are 
burned during an average year. 

Hawthorne uses as much gas as a city of 
100,000 inhabitants. This is not used for 
either heating or lighting purposes but  entirely 
for industrial processes requiring high tem
peratures, such as annealing, hardening, core 
baking, glass making, metal bending, incan
descent lamp manufacture, etc. Twenty-five 
million cubic feet of gas are used monthly . It 
is made in the Works Gas Plant by the producer 
process. 

This excellent factory, w i th i ts thoroughly 
modern equipment ,  would be of l i t tle use, how
ever, without i ts large body of skilled , intelligent 
artisans, competent executives and trained 
manufacturing engineers. Al together, about 
27,000 people now constitute the factory's 
population. Every one of these, directly or 
indirectly, plays some part in keeping Haw
thorne's product up to Western Electric s tand
ards of excellence-the most exacting in the 
world . 

Telephone and telegraph apparatus is of more 
or less delicate construction and adjustment ,  
and must t herefore be  manufactured with 
great care. The Western Electric requirement 
of perfect in terchangeabili ty of parts makes 
extremely close workmanship a factory neces
sity. I t  is a very simple matter to achieve 
quantity production of parts that are "not 
quite"  interchangeable, or "almost "  inter
changeable, but if parts are to fi t  exactly in 
every instance, without requiring any filing, 
drilling, hammering or other work every detail 
of the apparatus must be held to extremely 
close l imits .  Real interchangeability means 
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ELECTRICAL COMMUNICATION 7 

that everything entering the manufacture of 
the apparatl.ls m1lst be right-the design , the 
raw material, the methods of manufacture, 
the workmanship , the tools and the setting 
of the machines. Many of the punch press 
parts produced, for example, are held to such 
dose limits that a slight change in the composi
tion of the brass they are made from will make 
it impossible to produce them accurately 
enough, even w ith perfec t tools, perfect tool
setting and perfect manipulation .  

Consequently the first care to insure V\restern 
Electric quality begins with the raw materials, 
all of which are careful ly inspected to insure 
that they meet all the requirements of the raw 
material specifications. Some idea of the 
magnitude of the raw material inspection may 
be had when it is realized that there are used 
annually at Hawthorne, 20,000 tons of copper , 
10;000 tons of steel , 45,000 tons of lead, 10,-
000,000 pounds of brass, 2,000,000 pounds of 
sil k and cotton and 25,000,000 feet of lumber. 
Smaller quantities of many kinds of material 
are also required, over 20,000 varieties being 
carried in the raw material store rooms.  

Rigid inspection through the manufacturing 
operations follows this initial raw material 
inspection . The inspectors check the tools, 
tool settings and workmanship at every stage, 
to insure the suitability and standardization of 
the parts entering into the assembled piece of 
apparatus. 

Some of the tools used are marvels of accuracy. 
To secure extremely close limits on parts, the 
tools that make these parts must be held even 
closer to absolu te dimensions than the parts 
themselves, since stretch of the metal used in 
their manufacture and other causes introduce 
unavoidable variations in size. The perforating 

punch and die that produces the commutator 
strips used in machine swit ching apparatus 
furnishes a good example of the fine tool-making 
necessary in modern telephone manufacturing 
work. Fifty punches, fi fty dies and fifty 
shedders, mounted in suitable s teel yoke plates, 
form the punch and die. Each of these fifty 
similar parts d iffers from the o thers by less 
than one one-hundred-thousandth of an inch . 
In  fact, the variations in the sections are so 
small that if two of these punches and dies 
were completely disassembled , the parts could 
be put together in any combination and produce 
two tools which would not vary more than plus 
or minus two one-hundred-thousandth of an 
inch over the entire length of fifty sections. 
Bearing in mind that one one-hundred- thou
sandth of an inch is about one one-hundredth 
of the thickness of a piece of thin tissue paper, 
the extreme accuracy of such tools can be 
appreciated . 

In addition t o  the process inspection of the 
component parts of the apparatus as they go 
through the machine operations, the finished 
apparatus is subjected to a rigid inspection to 
insure that it properly meets the performance 
specification in every particular, as well as 
fulfilling the Western Electric standards for 
qual i ty and workmanlike appearance. As a 
final check, a fixed proportion of each class of 
apparatus is reinspected by an entirely different 
group of the Inspection Department ,  known as 
the Ultimate Inspection Department .  

The resul t o f  all this extreme care in  methods, 
tools, workmanship and inspection is the 
maintenance of Western Electric quality, note
worthy in the electrical industry for over 
fifty years. 
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The Future of Long Distance Telephony in Europe 
By FRANK GILL, 0. ll. E. 

European Chief Engineer, International Western Electric Company 

(This paper formed a part of the inaugural address by the 
President of the British Institution of Electrical Engineers at 
the Annual Meeting, held in London, November 2, 1922. -EDITOR.) 

I HA VE thought that the subject to which 
I could most usefully direct your at tent ion 
is one relating to the art of Electrical Com

munication , and particularly, though not ex
clusively, to telephony over considerable dis
tances. I propose, therefore, briefly to review 
some of the recent advances in the telephone 
art which affect long distance communication 
in Europe, or as I prefer to call i t ,  " through 
communication , "  because distance is not neces
sarily a feature, though often it is present .  

If  we consider primitive m an ,  h is  first and 
immediate need is for food , then shelter and 
defense, then tools and clothes; but directly he 
h as arrived at the state in which his own and his 
immediate neighbors' wants h ave been supplied , 
so far as their own exertions can supply them , 
the need for communication arises, and th at 
even before the need for transportation .  There 
is,  however, no need to insist on any priority as 
between these two arts; they are so intimately 
connected that we may ,  without any violence 
to meaning, define communication as tra11sporta
tion of intelligence ; without communication m an 
c annot know where to obtain such of his re
quirements as he himself is unable to satisfy ; 
without it there is no use in his producing more 
than he requires for himself, since in its absence, 
he cannot know whence arises a demand for 
his spare produce. While all this is true of 
primitive m an it has applied much more ini:ensely 
since m achinery came to the aid of production 
in the complicated system of trade which now 
serves the world . That which fifty years ago 
w as regarded as a luxury to be enjoyed only 
by the few, is now a necessity to the m any. 
Today no n ation stands alone or is sufficient 
for itself ; more and more the interdependence 
of nations is being recognized ; and more and 
more is it realized that no n ation can he pros
perous or afflicted without a result being felt 
by other n ations. It is easy to i llustrate this 
community of n ations by taking the clothes we 
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wear, the food we eat ,  but all this is well known 
to you; it is sufficient to say that to bring to
gether the products of all the world to your 
doors is the work of communication and t an
sportation , and that the efficiency of both is 
vital .  Other things being equal , the nation 
best equipped with the means of production , 
communication and transportation will enjoy a 
great advantage in the race for commercial _ 

suprem acy, and perhaps also in the search after 
n ation al well-being. It follows therefore that 
a great responsibility is l aid on those to whom 
is entrusted the means of communication , or 
who control those means, whether Government 
department ,  public company, or other agency,  
and p articularly so because it  is at  l ast generally 
recognized that competition is not an aid to 
efficiency in this business. In return there
fore for the grant of facilities to carry on its 
work, each grantee authority must ultimately 
recognize  its duty to the public ,  and if it realizes 
this ,  d are not adopt either the selfish attitude 
of attempting to m ake as much profit as pos
sible, nor the passive attitude of merely supply
ing the service demanded by the public. To 
discharge i ts duty i t  must diligently and actively 
search out new means and facil ities and also 
set about educating the public in regard to 
their need for communication. The author
ity is the custodian of the knowledge, it m ust 
teach the public what the public did not at 
first realize-that efficient communication is the 
life blood of commerce and of n ational and 
international understanding and amity-and 
without effective communication there would 
appear to be l ittle chance of success for such 
projects as  the League of Nations. I t  is by 
this campaign of education that the well devel
oped industries of the world have been stim
ulated, not by merely diligently serving the 
public demand; the railways h ave themselves 
created demands for traffic , the press h as d one 
the same, so has every great and successful 
industry, so must the telephone iudus,ry if it  
is not to fail in the performance of its duty. 

The fact that so much of the means of elec
trical communication in Europe is under Gov-
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erment ownership, and under the present 
prevailing custom removed from the stimulus 
of profit earning, m akes it quite possible that 
Governments m ay instruct their Telephone and 
Telegraph Departments that they do their 
duty when they diligently supply the public 
demands for service, and perhaps such a course 
is the more probable when the m any other c alls 

otherwise, been permitted to do what they 
h ave wished to do? The answer to both 
questions is most decidedly-No. 

It will be noticed that above it w as assumed , 
for the moment, tha t a Government department 
should not earn any more money than necessary 
to be self-supporting, but it seems also wrong 
to reason that a Government departmen t 

Attenuation-Frequency Characteristic of 1 Mile of 0.165 Inch Open \Vire LinelJry Weather Conditious Asoumed 
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for expenditure experienced by Governments 
today are considered . But  here a deliberate 
choice must be m ade ; is communication arid 
even better communication a necessity or not ? 
I f  it is, then the p assive attitude of merely 
satisfying public demands must be abandoned 
and an aggressive attitude take i ts place. I t  
i s  not by a p assive attitude that the great 
development in telephones h as been buil t up 
in the United States, C an ad a, Denmark, Sweden 
and Norway, but rather by a resolute, purpose
ful and well directed campaign of education of 
the public and of existing users. In the United 
St ates particularly , there h as for years been an 
educational campaign of a very high order, 
coupled with the construction of plant in 
advance, without which it is, of course, worse 
than useless to create demand . All this seems 
self-eviden t and trite, but two questions will 
test very quickly whether in fact this m atter 
is quite so self-evident and obvious as it appears; 
these questions are--(1) H as telephony, during 
the 46 years it h as been avail able, been of as 
much use to Europe as it might h ave been? 
(2) Have the organizations, Covernment and 

should not earn something more than just 
enough merely to pay its way ; i t  is undoubtedly 
heal thy for the esprit de corps of any organiza
tion, that i ts personnel should know that their 
organization is an efficient one, in which they 
can take a justifiable pride, and one of the 
ways of testing the efficiency of public con
cerns is to associate service with returns., With 
a staff comprising many persons, it is unhealthy 
that the idea should prevail that profit earn
ing is of no account. There is, however, 
more than the question of the effect on the 
staff, important though that be. Without 
a surplus of income over expenses, there is 
no margin for unforeseen contingencies which 
must const antly arise in such a flexible business;· 
service trials and research are l ikely to be 
adversely acted upon and capital will be raised 
with greater difficu l ty .  Further, there seems 
no reason why a Government should not include 
in the rentals a sum plainly intended to be a 
contribution towards revenue ; i t  is difficult to 
see any reason why i t  is permissible, for the 
purpose of raising revenue, to  tax, say, food, 
bu t not telephones, or why it is proper to make 
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10 E L E C T R I C A L  C O M M U N I C A T I O N  

a considerable surplus on postage, but not on 
telephones. I t  would seem that the correct 
course is for a Government ,  if i t  operates the 
telephones of a nation, to raise from them 
something towards the National Revenue and 
pay such a return on the capital invested m 

the business as to make certain i t s  ability to 
niise whatever money may be required to 
extend t he business. 

Let us now pass on to consider some of the 
alterations in practice caused by recent devel
opments in telephony as they affect long dis
tance or through communication. 

LOADING 

By this term is meant the deliberate addition 
of inductance to the circuit for the purpose of 
increasing the distance over which satisfactory 
speech is feasible. Such inductance may be in 

either of these methods, (inductance being 
then thought harmful) would be beneficial to 
the transmission of speech .  

Figure 1 shows the loss for one mile of circuit 
at various frequencies in respect of open wire 
circuits weighing 43.5 pounds per mile (4 .2 mm. 
diam.)  both for non-loaded and for circuits 
loaded with 0 .247 henries every 8 miles (12.9 
kilometres) ; the comput ations are made for 
the steady state, that  is, when the temporary 
effect of transients h as passed off. From these 
curves we m ay see that the effect of loading h as 
been threefold ; ( 1 )  the attenuation has decreased, 
taking 800 cycles for example, from 0.03.5 to 
0.01 6 miles of standard cable, a reduction 111 

loss, that is an improvement in volume of 
speech , of 543 ; (2) between about 400 and 2000 
cycles the curve of loss has a greater slope for 
the loaded line, indicating that the Vqrious 
frequencies necessary to transmit satisfactory 

Attenuation-Frequency Characteristic of l Mile of .036 Inch Cable Circuit 
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FIGURE 2 

the form of evenly distributed induc�ance 
effected by wrapping the copper conductor 
with m agnetic m aterial, such as fine iron wire , 
or, and more commonly, it m ay be in the form 
of lumped inductances obtained by inserting 
in series in the circuit at intervals, coils h aving 
the required inductance and a minimum resist
ance. I t  was in 1887 that Oliver Heaviside 
pointed out that the addition of inductance by 

speech are less uniformly transmitted , thus 
increasing the frequency distortion and so 
degrading somewhat the quality which was of 
a very high order on the non-loaded line; (3) 
at about 2000 cycles, the attenuation of the 
loaded line undergoes a decided increase, 
termed the cut-off, so that high frequencies 
are extinguished. In addition to these three 
effects the speed of the circui t  has fallen from 
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180,000 miles per second for the unloaded line 
to 55 ,000 miles per second for the loaded line. 

Figure 2 shows the resul ts of loading a circuit 
weighing 20.3 lbs. per mile in drycore cable 
with three different types of coi l ,  e ach at a 
spacing of 6,000 feet (1829 metres) . From this 
we notice four results, (1) the 800 cycle attenua
tion has fallen from 0.94 to 0.30 (taking the middle 
loaded curve as an example) , a reduction of 68% 
in the loss, a greater reduction than was obtained 

Effect of Loading Upon Cut-Off Frequency 
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in the case of open wire ; (2) between 200 and 
2000 cycles the loaded curve is approximately 
horizontal ,  indicating that all frequencies 
between those limits are almost equally trans
mitted so that the frequency distortion pre
viously rather high ,  is made less, while the non
loaded curve h as a pronounced slope, for 
example, the loss at 2000 cycles is 1 .45,  that is, 
56% greater than at 800 cycles ; (3) there is 
the same cut-off effect as w as noticed on open 
wire lines 'Yhen loaded ; (4) the frequency of 
the cut-off point  also falls as the loading in
creases. An additional effect is that the speed 
of the circuit decreases as the loading increases. 

Figures 3 and 4 show the effect of loading on 
the cut-off frequency and upon the velocity of 
the cable circuits referred to in Figure 2 .  

I t  is seen that the addition of  inductance 
to circuits, whether open wire or cahle, affords 
a means of greatly extending the distance to 
which speech is possible, and of reducing the 

copper required to transmit speech over such 
distances as were previously feasible. But it is 
also seen that while loading reduces frequency 
distortion on the cable circuit, it increases this 
form of distortion on the open wire circuit; also 
that, by increasing the voltage in the circuit, 
it augments crosstalk and i t  reduces the speed 
of propagation in the circuit. 

So far as open lines are concerned , the reac
tions on the general plant caused by loading are 

Effect of Loading Upon Velocity of Propagation 
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that a higher cl ass of construction , including 
transposition and m aintenance, is required to 
avoid crosstalk and to keep up the insulation, 
for loaded lines are much more susceptible to 
reduction in transmission efficiency due to 
lowered insul ation than are non-loaded lines. 
With poor maintenance it m ay well be that the 
number of days in the year during which the 
improvement due to loading is gained is not 
sufficient to pay for the cost of loading. 

This condition of constantly m aintained high 
insulation applies also to loaded cable lines, 
but high insulation being comparatively easy 
to achieve in cables l ittle reaction is caused by 
this. The increased crosstalk caused by load
ing h as ,  however, caused real difficulty which 
h as been overcome by great advances in the 
cable art, not only as regards the construction 
of long distance cahle in the factory, but also 
as regards the jointing of the wires in the field, 
both these being intended to secure such freedom 
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from unbalance between circuits as will obviate 
crosstalk. I t  must further be noted that here, 
as in many of the l atest developments, the 
effect of variables is not necessarily local ; that 
is to say, a defect in one place m ay be felt a 
long way off in a section where no defect exists. 
There was also at one time, but this does not 
now occur so often , a necessity for great care 
to guard loading coils from becoming magnet
ized; this has been avoided in cable loading 
coils by the use of compressed magnetic dust 
for the cores. 

REPEATERS 

Although the telephone repeater h as been 
in service since 1905, it is only since 1914 that 
the thermionic repeater (which followed the 
introduction of the grid or third element by de 
Forest into the two-element thermionic

. 
valve of 

Fleming) , h as been employed, and the great 
impetus to its use h as only been given during 
the l ast five years or so. The fact that a three
electrode vacuum tube acts as an amplifier of 
speech currents h as led to an idea that a tele
phone repeater begins and ends in a device 
which relays the received current very much as 
does an electromagnetic relay. But the tele
phone repeater h as m any important conditions 
besides the amplifying one and the fact that 
the reactions on telephone practice , due to the 
advent of the practical telephone repeater ,  
h ave been and will be  of  very special import
ance, makes i t  worth while to devote some little 
time to their consideration. 

First, let us look at the general types and their 
places in the system. There are so far, three 
general types: first, the repeater which operates 
in two directions by means of a single amplify
ing tlnit, the so-called 21-type repeater. This 
must be placed at or near the centre point of 
the line because the impedances of the lines on 
each side of the repeater act as balances to each 
other, and if they are not equal , the unbalance 
will cause circulating currents round the repeater 
with the result that sustained oscillations will 
be set up and the repeater will "sing. "  U p  
t o  the present ,  this type cannot b e  used in  tan
dem, consequently , i ts use is l imited ; it may be 
applied either to open wire or to cable circuits. 
Second ,  there is the repeater which operates 
in two directions by means of two unidirectional 

amplifying units, the so-called 22-type repeater. 
With this type there is much greater freedom i n  
locating the repeater because the balance i s  
not between the two impedances offered b y  the 
lines on each side of the repeater, but between 
the impedance of one line and that of a network 
made to simulate the line impedance, and the 
precision with which the network does simulate 
i ts associated line at all speech frequencies, 
governs the degree of amplification or gain 
which may be taken from the repeater. If the 
balance is not held ,  circulating currents will 
cause the repeater to sing. Repeaters of this 
type are applicable to open wire and to cable 
circui ts ;  they may be, and are regularly, placed 
in tandem , and as many as 23 haYe been used in  
tandem in regular service on a single conversa
tion . This fact i l lustrates that the speech 
currents are transmitted with sufficient accuracy, 
as otherwise cumulative distortion would 
quickly cause degradation of articulation to an 
intolerable extent .  Third , there is the repeater 
which operates in one direction only, the speech 
currents in the other direction being provided 
for by an independent circuit, the so-called 
4-wire circuit, in which the currents from say ,  
east to  west, are taken by one circuit of two 
wires, with i ts unidirectional repeaters in tan
dem, and the speech currents in the other 
direction, from west to east, are taken by 
another circuit of two wires, also furnished with 
i ts unidirectional repeaters. Obviously ,  if a 
special 4-wire l ine were set up from Subscriber 
A to Subscriber B in which the circuit started 
with A's transmitter and terminated with B's 
receiver, and the circuit in the other d irection 
were similarly treated, there could not be any 
circulating currents at all. Commercially, how
ever, this is not possible, and it is necessary to 
use the regular 2-wire local system ,  so that 
only the long line portion of the circuit can be 
of the 4-wire type. With this type of repeater 
the circulating currents have to travel q, long 
distance, which gives rise to great attenuation , 
before they can get back to their starting point  
for reamplification, and so a much greater 
gain can be taken from 4-wire repeaters than 
from 21  or 22 types, before the singing con
dition is approached. While the 4-wire type 
can be employed on either open or cable circuits,  
the fact that it  requires 4 wires makes it eco-
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nomically more suited to cable circuits, and 
since the gains obtainable are high (they can 
be made so high as to render the l ine loss zero 
between the terminals of the 4-wire section , 
which cannot be achieved by any other type), 
it  is economically  possible to employ this type 
of circuit in cable for distances up to 1 ,000 
miles, perhaps further, and so it is preeminently 
suited for groups of long distance l ines carrying 
heavy traffic. 

obtained from a repeater of 22 type designed 
for a loaded cable circuit taken at random and 
connected to an artificial l ine. The control 
of the gain is by a potentiometer with fixed 
steps, the top curve showing the gains from the 
two repeaters in the two directions, east and 
west, for speech frequencies when the two 
potentiometers were set on the same step, the 
9th. The gain shown in the curve is approx
imately 22 miles, a current amplification of 11 

Gain-Frequency Curvt:.s of 22 Type Hepeater 

Rd 

�., 

,?0 
� " 

<J ;., u 

PO? "'FYTIO/' £TE:/i'.- l..)T£P 5 ---- .- ---

7inro 1>r1551orr £ 70 Jv " IW £ 

16 
0 
0 "" 
"' 12 

I 
I 

_-.:L�Pi.DT+FY.:_T..:_10.:_N�t1�T--£ ... R:._.--F).:..TE:.:..P_5i" __ 1_1_171...._""t-.. � � / 
I " :0 

� u 

I .� 
�',, E Toh & W70 £ fiPF'RoxtNfl uy£q, "11... '\ '\ I ' ,, a 'E "' 't " "' 4 

j v-J_-�HOT.+fY�T�I0:1"1.+T.'.::£:2R _--f.J:.:_:T£::P_:_I t---t-..1.'i--t'� � � \� 
u; 
" ·:; 0 0 
lf 

.!: 
� -4 

Frequency, in Kilocycle� 

FIGURE 5 

Whichever repeaters are employed in any l ine, 
they must, of course, be located at the right 
positions determined by engineering considera
tions alone and not by political ones. It might, 
for example, be correct for a line to run through 
Switzerland with no repeater on it at all in that 
country, or for a line to run through Limburg 
on which there would be a repeater in Holland , 
but no appreciable length of l ine in that State. 
In any such case the networks at the repeater 
in one country must conform to the l ines situated 
in other countries. 

The fact that telephone repeaters must be 
employed in tandem renders their requirements 
very severe. Figure 5 i l lustrates the gains 

times. Of course it will be realized that this 
only shows what amplification the repeater can 
give, in practice one would not expect such 
gains when connected to real lines. It will be 
seen how closely alike are the gains in each 
direction ; that is, the speech currents are am
plified in either direction with very nearly 
identical gains. When the potentiometers w ere 
set on the 5th step the gains were reduced, b u t  
the curves of the gain i n  each direction were 
practically indistinguishable, and the same held 
good when a still lower gain was taken by put
ing the potentiometers on the 1st step. 

I t  wil l  be noticed that these resul ts were 
obtained not by any careful and fractional 
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adjustment,  but merely by setting the 2 poten
tiometers on similar :otcp:o , and i t  will also be 
seen that the variation in gain produced by one 

Impedance-Frequency Cur. c of ,l Jb Jnch Open Wire Non"Lu,i•!ed Line 
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step is approximately two standard miles. The 
small inset diagram indicates the pieces of 
appar<itus involved , all of which have to play 
their part in the gain at  speech frequencies, 

potentiometer, input transformer, vacuum 
tube, output transformer, filter and three wind
ing transformers in each repeating unit. I t  
will be realized that the gain given out by the 
repeater must, of course, be adjusted to and 
suitable for the type of line with which it is to 
be used ; also that a repeater is not a universal 
article which can be attached to any line, 
regardless of i ts make-up. 

When in actual sei-Yice repeaters are asso
ciated with lines, several reactions occur which 
very largdy modify previous practice. As 
before stated , the line is balanced by an imped
ance network which simulates the line, but in 
order to keep these networks practicable it is 
necessary that the line:; shall be as free as pos
sible from irregularities, otherwise the networks 
would be very exp�tisive and perhaps impossible . 
. Figure 6 shows impedance frequency curves for 
an open wire line 41 km. (25.5  miles) long of 
copper wires having a diameter of 3 mm. (0. 108 
in . ) .  This is an excellent example and so regular 
that there is no difficul ty in providing a net
work which closely simulates the line, con
sequently satisfactory repeater gains can be 

obtained . The indicated results were found at 
the fi rs t  trial and without any clearing up. 
Figure 7, however, shows similar curves for a 
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FIGURE 7 

l ine that was regarded as a first-class one unti l  
tests were made on i t  prior to using a repeater. 
I t  is seen that its impedance curves are very 
irregular so that in i ts then state it was quite 
impossible to  employ a repeater. Figure 8 
shows a cable circuit 34 miles (54.7 km .) long, 

lmpedance-Frcquency Curve .066 Jnch Light Loaded Cable 
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from which, for some unknown reason, a load
ing coil 8 miles ( 12.9 km. )  distant from the 
place of this test, had been removed. The 
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impedance frequency curves very plainly show 
how, by this removal,  the line is thrown out of 
balance with the network, and one can thus see 
that the · removal of the coil would at once 
render useless the l ine of which i t  forms a part.  
The removal of a loading coil is a noticeable 
mat ter, but the want of uniformity introduced 
by several portions of a line having different 
constants, such as non-uniformity caused by 
the haphazard joining up of lines not constructed 
with a view to the rigid uniformity required 
for repeatered l ines, acts in the same fashion. 

Figure 9 shows impedance frequency curves 
for a phantom loaded cable circuit  39 km. 
(24 miles) long. I t  will be remembered that 
a phantom circuit is one which is obtained by 
superimposing the phantom on two circui ts 
each composed of two physical wires. I t  is 
not an easy matter to obtain a low unbalance 
condition between the various capacities which 

Impedance-Frequency Curve . 0 3 9  I n c h  Phantom Cable Circuit 
Medium Heavy Loaded Cable 
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make up such a circuit. In this figure are 
shown the curves for the line and for a theoretic
ally uniform line ; it will be seen that the actual 
line does closely approximate to the theoretic
ally perfec t line. 

Let us now see what ip the overall result  m 

transmission when employing a long line 111 

which copper and repeaters both contribute to 
the effective transmission of speech.  What, 
in fact ,  is the t ransmission afforded over the 
whole system? In Figure 1 0  are shown fre
quency attenuation curves for a non-loaded 

open copper wire l ine 3 ,400 miles (5,472 km.) 
long. The curves reproduced are, A ,  actual 
measurements on the line when using repeaters 
of a type designed for and suited to the line ; B, 
computations based on using imaginary repeaters 
giving uniform gains at all frequencies ; C ,  
actual measurements when using repeaters 
suitable for other types of line but unsuited to 
this one. The line included 1 2  repeaters in 
tandem and the results are somewhat remark
able .  They show, curve A, that the specially 
designed repeater in conj unction with the 
suitable line gives a fairly uniform overall loss, 
approxim;itely 10 standard miles, between the 
frequencies of 400 and 1 800. On the other 
hand , curve B shows that the theoretical 
uniform-gain repeater, if used , would be very 
unsatisfactory, in that i t  would give a frequency 
gain characteristic of a very undesirable kind 
and one which would greatly increase the fre
quency distortion. Lastly, curve C shows that 
a repeater suited to the character of one l ine ,  
i f  used with another line to which i t  is unsuited , 
may give overall transmission of a h ighly unsatis
factory nature.  

Since i t  is not yet practicable to transmit all 
frequencies equally ,  i t  is evident that some sort 
of a compromise must be made, and if a line is 
composed of several sections on each of which 
a differen t compromise has been made, the 
final through result may be less satisfactory 
than need be solely because of the fact that the 
compromises contain no unity of treatment .  

When repeaters are i n  operation , they must 
maintain constant the gains to be given out or 
there will be serious effect on the speech .  I f  
w e  assume a 4-wire circuit between Rotterdam 
and M ilan, 500 miles (810 km.) long and having 
five repeaters in i t ,  operating at gains of 23, 30, 
:30 ,  30 and 23 standard miles (S. M .) respectively, 
say an average of 27.2 each , we need only con
sider what will happen if the gains fall off, since 
the gains will originally have been set to be as 
high as safely allowable.  Assume, then , that t he 
line without repeaters has a net equivalent of 
148 S .M . from which we deduct the repeater 
gains, 5 x 27 .2 = 1 36 ,  leaving the net loss = 

1 2  S.M . Now suppose the gain at each repeater 
station for any reason at all falls off by 2 % ,  
this will represent 0.54 S . M .  each o r  2 .7  S . M .  
for the five stations, and the net resul t will 
then be increased from 12 lo 14.7 S.M . ,  an 
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Attenuation-Frequency Characrtrhtic� of Long Open \i\Tire Line 
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FIGURE 10 

increase of 23% in the loss in the line. Should 
the gain on each repeater fall by 7 .5% the total 
additional loss will be 10. 1  S.M . ,  and the final 
net loss will be increased from 1 2  to 22 . l  S . M . ,  
a n  increase o f  84 .53. In this case the loss 
would be so great tha t probably the line would 
become unworkable. I have chosen these exam
ples to show the importance of uniformity of 
construction , uniformity of maintenance, and 
uniformity of operation ; it wil l  be seen afterwards 
what is their particular application . The ex
amples are rather understated t han exaggerated . 
I t  would have been quite reasonable to have 
taken a case with twenty repeat er stations in 
tandem, and , furthermore, the gain given by 
a repeater would not in fact be one defini te  
figure for al l  frequencies. 

Fortunately, the design of repeaters has been 
carried far enough so that if correct design is 
employed and if certain regulations for opera t
ing routine and main tenance are followed , the 
gains can be held steadily, but among those 
routines are tests which determine when the 
useful life of an amplifying element ,  a vacuum 
tube, has ceased and the required constancy in 
gain can only be held if all repeater stations are 
operating to the same routine. If the line is 

an aerial one and subject to considerable changes 
in temperature ,  the resistance alters and another 
source of variation in overall transmission 
equivalent is introduced . I f  these changes are 
serious t hey can be compensated automatically, 
if not so serious, they can be deal t  with by 
operative routine. The lesson is, however, the 
same in ei t her case, and , for the best resu l ts, 
those persons opera ting the various repeater 
stations must be operating to the same routine,  
employing the :;ame technique and under the one 
control . Again ,  when breakdowns occur impor
t ant circuits cannot stand out of order, bu t must 
immediately be temporarily rerouted to restore 
the �ervice. Such al teration may affect the 
balance between the network and line at the 
repeater station and this may have to be dealt 
with  by altering the gain of one repeater (in 
which case alterations will probably be required 
at all other repeater stations along the l ine) , 
or by changing networks. I f  i t  were possible 
to foresee all possible combinations and emergen
cies, it would doubtless be possible ,  though not 
economical , to establish routines covering all 
cases requiring attention , but obviously this is 
not possible and the only commercial solution lies 
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in unity o f  control o f  the l ine from beginning to 
end . 

I t  has been shown that the result of loading 
the circuit is reduced a ttenuation and somewhat 
impaired articulation in open wire circuits, and 
reduced attenuation and better articulation 
in cable circui ts. Now that the use of repeaters 
has become possible, addi tional energy can be 
put into the line as required and the a ttenua
tion can be reduced by that means. I t  is 
therefore no longer necessary to sacrifice the 
quality which can be obtained on open wire 
circuits by loading them in order to reduce 
the attenuation ; this reduction c;;in be effected 
by repeaters. In cable circuits, however, i t  was 
shown that loading was necessary to reduce the 
frequency distortion . Consequently, long, 
heavy open wire lines are not now loaded at 
all but are repeatered , resul ting in  improved 
articulation , and the increased speed of prop
agation avoids echo trouble which only became 
insistent because of the more powerful effects 
derived from repeaters. With cable circui ts, 
on t he other hand, loading still obtains, it can
not be abandoned since i t  is necessary for t he 
reduction of frequency distortion ,  but the 
tendency is towards l ighter loading so as to 
raise the speed of the circui t ,  thus reducing the 
echo trouble which , because of the reduced 
speed and the great electrical length of loaded 
cable circuits, demands most careful con
sideration . 

CARRIER CIRCUITS 
In the search after increased capaci ty of 

telephone and telegraph circuits,  there has 
recently been developed and put  into commercial 
service the carrier system which has been added 
to the well-known methods of superimposing 
phantom telephone and composi ting telegraph 
circuits. In this new method carrier waves of 
differen t frequencies for each channel of com
munication are generated . I f  the channels are 
to be used for telephony such waves have a 
frequency above the audible l imi t ; by means 
of band fil ters the desired range of frequency. is 
permitted to  pass into each channel bu t only 
frequencies wi thin that range. Thus on a 4-
channel telephone carrier circuit the frequencies 
might range in four or eigh t separate bands with 
outside l imits of 4 ,000 to 27 ,000 cycles per sec
ond . Each carrier wave is modulated indepen-

dently by the voice currents to be transmitted by 
that channel , and all the modulated carrier 
waves, or all of one of the side bands only, with
out the carrier waves, are transmitted over the 
line. Upon reaching the far end, the waves are 
filtered out each in to i ts proper channel accord
ing to the carrier frequency assigned to each 
channel , and are t hen demodulated leaving the 
voice current free to be farther transmitted over 
an ordinary circuit. Because of the increased 
frequency of the carrier waves, greater attenua
tion occurs with them t han wit h  the voice waves 
and carrier current repeaters must be equipped 
more frequently than voice current repeaters. 
Also, for the same reason , carrier currents can
not be transmitted over ordinary loaded lines, 
which , i t  will be remembered , cut off at fre
quencies within the audible r ange. Hence i f  
loaded carrier circuits are required t hey must 
be speci ally treated . Special treatment is also 
needed in the construction and m aintenance of  
carrier l ines and equipment, and because the 
equipment is  expensive such lines must be of  
considerable length in order to be economical . 

As an illustration of the advantages to be 
gained by using the l atest development, the 
following m ay be quoted . On the New York
San Francisco line, the circuits are of open wire 
from H arrishurgh to San Francisco, abou t  2500 
miles (4050 km.) direct distance apart. On 
four conductors on  this route the loads c arried 
are : 

2 Physical Telephone Circuits 
Phantom Telephone Circuit 

4 Earthed Telegraph Circuits, and 
a varying number of Carrier Telegraph 

Circuits, ranging from 6 to 20 . 

Two of the sections on this route in  det ail are : 

Between Chicago and Omaha, 4.50 miles (729 km .)  
direct distance apart ,  4 open wire conductors 
carry : 

2 Physical Telephone Circuits 
1 Ph antom Telephone Circuit 
4 Earthed Telegraph Circuits which 

can be worked either 1 way or 2 
ways at wil l .  

20 Two-way Carrier Telegraph Circuits 
27 Tot al Circu i ts on 4 wires. 
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Between Chicago and Pittsburgh, 450 miles (729 
km.) apart, eight open wire conductors carry : 

4 Physical Telephone Circuits 
4 H alves of Phantom Telephone Cir

cuits (equivalent to 2 circuits) 
8 Earthed Telegraph Circuits which can 

be worked either 1 way or 2 ways at 
will 

37 Two-way C arrier Telegraph Circuits 

51 Total Circuits on 8 Wires. 

From another route we take the following : 

Between New York and Philadelphia, 90 miles 
(145 km.) apart, two conductors in cable 
carry, though not by carrier circuits : 

1 Physical Telephone Circuit 
30 Special Signaling Circuits 

31 Total Circuits on 2 wires 

From Chicago to Omaha or from Chicago to 
Pittsburg, the direct distances are about the 
same as from Paris to Berlin, from Paris to 
M arseilles, or from London to Milan.  From 
New York to Philadelphia is about the same 
distance as between London and Birmingham. 

At present there are in actual service in the 
United States the following miles of carrier 
route and channel : 

Carrier Telephone . . . .  
Carrier Telegraph . 

Total . . . . . . . .  . 

Miles of Route Miles of Channel 
4-776 16  5 76 

10,919 78,870 

15,695 95,446 

CROSSTALK 
Applications such as h ave been described 

demand a much higher degree of refinement in 
order to avoid crosstalk, than those which have 
previously obtained in the construction and 
maintenance of long distance lines. To obviate 
that evil, it is necessary that at every point 
throughout the entire length telephone lines 
should have the two sides of the circuit equal 
in admittance to earth and equal in series 
impedance, and these must be equal over the 
range of voice frequencies. This is a very severe 
requirement, but very good approximations to 
the result required are being m ade. 

INTERFERENCE 

A matter which is assuming more and more 

importance is th at which in the communication 

art is termed interference, meaning by that 
term the reactions which occur between weak 
current communication circuits and heavy 
current light power and traction circuits. 

The effects of these reactions to the com
munication engineer may be serious and fall 
under the heads of : 

Noise 
False Signals 
Breakdown of the Line 
Fire Hazard 
Acoustic Shock 
Electric Shock 

Some consideration h as already been given to 
the question of balancing the telephone cir
cuits, and before looking at the same matter in 
regard to the power lines perh aps it may be 
useful to give an idea of the relative trouble 
caused by different frequencies. 

Relative Interfering Effect of Single Frequency Currents 

in a Telephone Receiver 
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FIGURE 1 1  

Figure 1 1  shows the relative interfering 
effect of uniform currents at various single fre
quencies in a telephone receiver ; the inter
fering effect is very unequal and the importance 
of the wave shape in power circuits will be 
inferred from this curve. 

On the power side, residual and balanced 
components of the power circuit voltages and 
currents may cause such trouble as to be beyond 
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the ability of the communication engineer to 
cure. Every commercial 3-phase system, for 
example, which has not been properly trans
posed , is an unbalanced system, and any change 
in the separation of wires or height from the 
ground will affect the balance to earth which 
generally is of more importance than balance 
of load between phases. T,his unbalance can 
be much reduced by transposing the power 
lines. Again, even if well balanced during 
normal operation, power lines are invariably 
thrown badly out of balance by abnormal 
occurrences such as the opening or short-cir
cui ting of the line ; and sometimes the circuit and 
switching arrangements are such as needlessly 
cause unbalanced effects not perhaps noticed by 
the power engineer, but very troublesomt;,, if  
not worse, to the communication engineer. 

Now it must be recognized that these in
dustries, involving the telegraph, telephone and 
railway signaling systems as representative of 
the light  energy group and the lighting, power, 
railway and tramway systems as representing 
the heavy energy group-are both of them neces
sary to the well-being of the world , and they 
must learn to live together harmoniously, and 
to avoid or mitigate the otherwise serious 
reactions between their respective circuits. 
I t  must also be recognized that in grappling 
with this difficult  problem there cannot and 
ought not to be any claim by either side for 
priority of protection or preferential treat
ment. I t  is wrong for the heavy current interest 
to say-let the light current industry take care 
of i tself-and i t  is equally wrong for the light  
current industry to say-the heavy current 
business must be conducted in such a manner 
that we, with our existing arrangements, shall 
be undistrubed. There is only one sensible 
solution : let the engineers of the two industries 
first get together, unfettered by any partisan 
tie, to seek the best methods of getting rid of 
the trouble, and after those best methods have 
been found , on the basis of the least total cost, 
then, and only then, let the question of settling 
the apportionment of cost as between the 
interests be taken up. The ordinary difficulties 
of a complex situation are frequently rendered 
more difficult of solution by an endeavor at the 
outset to fix responsibility for the interference . 

M uch has already been done Ly joint study 
to reduce interference and in some cases, such 

as those of electrolysis, it has been found eco
nomical to the heavy industry to avoid cer
tain defects in construction which were first 
brought to light by the complaining l igh t 
industry. But in all cases the lesson is always 
being pressed home that success is certain to 
come when each party makes a real endeavor to 
learn the other's problems and to appreciate 
the efforts made by him to solve them. 

Heretofore a long distance telephone line was 
a relatively simple structure consisting merely 
of a pair of copper wires, either open or in cable. 
This could be maintained comparatively easily 
in good order by independent maintenance 
units situated along the length of the line. But 
with repeaters and loading that simple structure 
has vanished, the plant is more complicated 
and the various parts are interdependent on 
each other. It is no longer possible to consider 
maintenance of each part solely as a sectional 
matter ; what is done at one place may cause 
serious reactions at another, and the line as a 
whole must be considered . 

We can now, therefore, obtain certain advant
ages in the construction of through lines, but 
only if  we are willing to give the attention 
necessary to secure them . It is false to imagine 
that we can obtain the benefits of the present 
knowledge without taking the necessary steps 
to secure them. The benefits are : 

Great increase in the distance over which 
communication can be given. 

Great increase in the number of channels 
of communication, telephone and telegraph, 
which can be provided by one pair of wires. 

Great increase in the number of circuits 
which can be placed in cable, numbers 
such that it would be impossible to find 
space for them if all circuits were to be 
open wires. 

Greatly reduced annual cost of circuits and 
improvement in quality of speech. 

Increased security of service by reason of 
circuits being in cable. 

Increased speed of service by reason of 
greater number of circuits. 

The principal points to which attention must 
be given to secure the above advantages are : 

Definite decision as to the work each line is 
to do, that is, planning in advance. 
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Definite standards of performance to be 

required of the complete line. 

Unity of treatment of all transmission mat

ters affecting the line over i ts full length. 

Unity of treatment of all transmission mat

ters affected by the connecting of the line 
to other lines, whether trunks or sub
scribers' lines . 

Unity of maintenance control over complete 
length of the line. 

Unity of control over repeater gains over 
the complete length of the line. 

Unity of operating control over the whole 
length of the l ine.  

Education of all sections of the telephone 
staff in transmi:;;sion , maintenance and operat
ing practices. Without this education among 
all detail members of the staff it is impossible to 
obtain the benefits now available. It is not 
sufficient for a few engineers in any administra
tion to be familiar with these matters ; they 
must be made part of the general knowledge of 
all , and this is particularly true of education in 
matters affecting transmission which must by 
some means or other, in the varying degree 
required , be made to permeate all classes of the 
staff who have to do with  the transmission 
plant. 

Greater attention must be given to the 
economic aspect of engineering st udies for the 
question of economics is the fundamental prob
lem of the engineer ; let him neglect it and even 
though brillian t ,  he becomes something else, a 
physicis t  perhaps, a mechanician , or a con
structor but not an engineer, who, it seems to 
me, must ever l ink together the progress of 
science wi th the minimum of human effort, 
that  is with the most economical manner of 
achieving what is desired . In the construction 
of plant how often it happens that when the en
gineer has decided what plant shall be installed , 
the question as to whether the plant shall 
or shall not be profitable is also decided ; for 
when the engineer has constructed the plant 
and gone elsewhere, the management can only 
affect results by a margin ,  importan t no doubt, 
but the fact remains that the decision as to 
what plant shall be installed settles also many 
other i tems of expense, both for labor <ind 
material . 

The telephone service has certain special 
features, in that ( I )  the unskilled public is an 
actual participant in a cal l ,  the matter is not 
merely handed over to a skilled operator 
although the skilled operator also participates ; 
(2) i t  is essentially a through service , i.e. , the 
whole circui t  embracing the calling and the 
cal led persons' instruments and the complete 
line connecting them are simultaneously in use 
for each cal l .  Therefore, all parts of the cir
cuit must be harmonious, although these parts 
may belong to and be operated by different 
owners. (3) The operators at the various 
stages along the line have to cooperate with 
each other and differences in the operators' 
technique will decrease efficiency. (4) I t  is a 
wortd service, for it is impossible to set any 
limits to the service which must extend as the 
degree of technical knowledge permits. 

Frequently in industry one cannot obtain an 
absolute standard and recourse must be made 
to relative comparisons. It is so in telephony, 
and as I assume I may take i t  for granted , at 
any rate by those who have studied the matter, 
that the telephone systems of the United States 
are in advance of those operating in Europe , i t  
is worth while to see wherein l ie  the differences 
(altogether apart from ownership) and par
ticularly the differences in organization , and to 
obtain some idea of the telephone system in the 
United States, which now has nearly two-thirds 
of the telephones throughout the whole world . 
I n  that country there are at present over 1 0 ,000 
companies owning and opera ting over 1 4  ,000 ,000 
telephone stations--that total number divides 
into two broad dasses --those having some kind 
of connection with  the Bell System and those 
which have not. Again ,  the first class divides 
into t hose known as Bell-owned , and others as 
Bell-connecting \Vith an independent owner
ship. 

In  his presidential address in 1 905 Sir John 
Cavey referred to the growth of the Bell Sys
tem as " absolutely startling . " He said there 
h ad been an increase of 1 ,450,000 stations in 
seven years-an average of 207 ,000 per year. 
But  since then the increase in the Bell owned 
Companies has been an average of 410,000 per 
annum, or twice the number which startled 
Cavey. 
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We may tabulate the telephone statistics of 
the United States thus : 

No. of 
July 3 1 ,  1922 

No. of Per 
Companies Stations Cent. 

Bell owned Companies 26 9,223,  770 65 . 0  
Bell connecting Com-

panies (Independent 
ownership) . . . . . . . . .  9289 4,520, 725 3 1 . 8 

Total Bell System . 93 1 5  13, 744,495 96 . 8  

Non-Bell-connecting 
Companies . . . . . . . . . .  879 452,597 3 . 2  

----

Total . . . . . . . . . . .  10194 14, 1 97 ,092 1 00 .  

Taking the population of the United States 
at one hundred and nine millions it will be seen 
that there is now one telephone station to 7 .7  
persons, while in the  year 1900 there was only 
one telephone station to 56 persons. Since the 
beginning of the twentieth century while the 
population has increased by 45% and the volume 
of general business ( jud ged by the best data 
available) has increased by 100%, in the same 
time the number of telephone sta tions has 
increased by over 900%.  

Again,  i f  we j udge progress by capi t al expend
i ture we fi nd that the investment of the Bell 
owned Companies which was $180,700,000 in 
1900 had increased by 267% by 19 1 1  and by 
7553 by 1921 , and then stood a t  a total of 
$1 ,543,865, 545-say £84t3,000,000. 

As a method of trying to give an impression 
of the t elephone service in the United States 
i t  may be said that from his telephone in that 
country a subscriber can reach out over more 
than 4 ,000 miles and can call practically any of 
the 18 ,700,000 stations referred to situated in 
70,000 ci ties, towns and villages, and the statist
ics show that the telephone communications in  
that  country outnumber the postal communica
tions by fifty percen t. I t  is agreed by those 
best qualified to j udge that American industry 
on i ts present scale could not function without 
the telephone service as they know it there. 

From these figures i t  will be seen that while 
there are m any telephones which are not part 
of the Bell System, yet the great m ajority (973) 
are part of that organization of companies, and 
further i t  m ay be stated that with a few excep
tions those companies which are not part of th at 
system are on the average a collection of small 
concerns. In what follows and generally in 
connection with the expression " telephony in the 
United States , " the Bell System is referred to. 

There are five outstanding features in the 
organization of the Bell  System, and I think it 
may be said that these features are essential 
in any effective organization for telephony on 
any extended scale. 

The five features are : 
1 .  Local operating organizations thus making 

for decentralization . These organizations, 
or companies, possess l arge measures of 
authority . 

2. A central administrative direction and 
control over the local organizations. 

3. A long distance organization constructing 
and operating the long lines by which the 
local organizations effect inter-communi
cation. 

4 .  Control of the manufacturing organization. 
5. A central organization for scientific re

search, development of apparatus and 
technique of construction, maintenance 
and operation . 

In Europe, generally speaking, and consider
ing the nations separately, we find : 

1 .  An organization h aving a central authority 
with no separate local authorities. 

2 .  A series of administrative areas charged 
with the duty of maintaining the service 
under the cent�al authori ty . 

a .  No one department charged with the d,uty 
of through business. 

4 .  No control over manufacture. 
When we consider Europe as a whole we find : 
1 .  A number, about 40, self contained local 

operating organizations e ach , in the m ajor
i ty of c ases, conducting a local busi,ness 
and a through business within i ts area;  
also th at part of  the internation al through 
business which lies within its own borders. 

2 .  No organization contro!Jing or coordin at
ing the various local operating organiza
tions which yet h ave to function as a whole. 

3. No means of keeping the separate organ
izations in touch with each other, and no 
systematic means of adjusting differen.ces 
in matters of daily practices. 

4. No organization of any kind which h andles 
and cares for the through business as a 
whole. 

5. No common agreement as to manufacture. 
6 .  No common research , standard practice 

or technique of construction , maintenance 
and operation. 
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At the moment we ;ire not concerned with 
the effect of this loose coupling upon the local 
business of each coun try, but little considera
tion is needed to appreciate i ts h armful effects 
upon the through bu:0iness between countries 
whether the length l i ne  over which such busi
ness is conducted i:o �Tea t  or small. There are 
in Europe l arge centre" of population within 
such distances of and in such commercial rela
tionships to each other  tha t t raffic would be 
forthcoming did adeq uate facil i ties but exist.  
There is no engineering difficulty so far as d is
tance is concerned , i: c0ns tructing and operating 
lines at  commercial ra tes to give satisfactory 
speech from any part '1ny other part of Europe , 
but  a t  present the thruugh business is meagre in  
q u antity, slow and inefficient. Under the 
present conditions, prncticaHy the only w ay i n  
which t h e  n ations ,rn cooperate in these mat
ters is that when new Iine:0 are to be constructed 
between countrie::; .ert i,,  cooperation and con
sultation between tht repre::;entatives of the 
countries concerned ,,;cd nccasionally there are 
international conferc::11�e;;. But these do not, 
and cannot, produc:: il unified system ; all that 
they can do at th1� be,;t is spasmodically and 
u arti ally to compro: 1 1 i::-c un a few outstanding 
differences in  pracr i ,- t· which between whiles 
gr:JW up unchecked . to leave unsettled such 
: arge questions as 1r be agreed. 

The settling of arr .,a,;ements, and particularly 
the financial arrangern.en ts, for the construc
tion of additional dirc·c· 1 lines between contiguous 
L<mntries consti tu tes a n  operation difficult 
enough , but when it : �  �nught to construct l ines 
between non-con tig :_;.,·,u:- countries, in  which 
cases they h ave to tr .i \'t:r:;e countries which are 
not interested in th" ;:cuf1c desired by the ter
mmal countries, th e dirliculties in  the way of 
getting anything ck:ct· are great indeed , and 
much praise is due tht energy and enterprise 
of those men who 2ve ,;ucceeded in achieving 
the service now in oper i<rion. 

Yet there is every indication that given 
facilities there is toffi � waiting to be h andled 
between the cities Europe as between the 
cities of the United States. The opinion of 
some of those well qualified to j udge is that the 
differences in  l anguage and customs do not, as 
they would at first clppear to do, consti tute 
a serious bar to international communication by 
telephony, and ther:: ::;.re weighty reasons such 

as the present necessity of improving the 
rela tionship between nations, in add i tion to the 
normal commercial advantages which render i t  
safe to forecast sufficient through business to 
warrant the setting up of a competent  organ
ization with the plant necessary to h andle the 
traffic. 

But  there is l i ttle l ikelihood of speedy and 
economical construction and operation of such 
l ines as are necessary between, say, London and 
Stockholm,  involving three or perhaps five 
i ntermediate non-interested countries ; London 
and Christiania, involving perhaps six in ter
mediate countries ; or London and Petrograd , 
i nvolving eight intermediate countries, and yet 
there is nothing fanciful in the idea of quick 
communication between such places. The d irect 
d istance between Brus::;els and Athens, or Paris 
and Constantinople, is 1 ,300 miles-about the 
same distance as between New York and Omaha, 
or between C hicago and Salt Lake City,  between 
which places calls can , at any time, be made. 
The direct d istance over land between London 
and Bagdad is about the same as between New 
York and San Francisco, over which line con
versations take place daily ,  while the d i rect 
d istance over land between London and Delhi is 
about the d irect distance from Key West in 
Florida to New York, thence to San Francisco 
and thence to Los Angeles, in California, over 
which distance calls can be made regularly. 
As a further encouragement ,  it may be said 
that the New York-Chicago cable now in course 
of construction, will have a gross transmission 
equivalent so great that if  a 435 lb. (4.2 mm.) 
open wire circuit were constructed to that 
equivalent i t  might be 1 0,000 miles long, enough 
to connect Paris to the telephone system at 
Seattle in the north western part of the United 
States and leave enough to spare to take care 
of the cable across the Bering Strait .  Of course, 
this i l lustration is an uncommercial one, but i t  
serves to  show that land d istance is now no 
d ifficulty to telephony. 

I f  we consider such business in the United 
States, we find that there are originated a t  New 
York over 4 ,000,000 long d istance calls per 
annum, and i t  will be remembered that in the 
United States many calls are made over l ines 
of considerable length belonging to the Local 
Companies, and do not  go over the long dis
tance lines. Similarly we find that Chicago 
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and Philadelphia each ongmate a number 
approaching 2 ,000,000 long distance calls per 
annum, while such places as Boston , Cleveland 
and Pittsburgh each originate about 500,000 
long distance calls per annum . 

Figure 12 is a map of Europe on which are 
shown a few of the long d istance circuits  in  
the United States which are in  regular daily 
commercial operation . It would have been easy 
to show a great many more, but this is not 
necessary in  order to bring home the simple 
fact that there exists in  that country a long 
d istance telephone service such as is not known 
in Europe. And yet there is no reason whatever 
why the service in Europe should not be extended 
in a somewhat similar fashion . From the fact 
of i ts denser population and less distant ci ties, 
Europe enjoys advantages over the United 
States, and these should make for much greater 
development of the through business than she 
now has. 

I t  is not put ting the matter too strongly to 
say, that through telephony in Europe under 
the present condit ions can never be worth the 
name of a service, and that the alternatives are 
either forever to be condemned to an ineffect ive, 
inefficient state of affairs, or to fi nd some plan , 
other than the present one, for dealing with 
the through business. 

Analyzing the condit ions of through telephony 
in Europe as a whole, it is obvious that each 
nation , sovereign though i t  may be within its 
territory, is  really, from the telephone point  
of  view, merely conducting a local business 
over an area which is not very great .  I t  is 
also clear that no one local authori ty can oper
a te i ts own through business outside i ts  own 
boundaries ; al though vitally interested, it must 
at  i ts boundaries hand over the conduct of its 
business, i n  part ,  to someone else. 

The through business must be handled as a 
complete unit if i t  is to be efficient ly done, i t  
cannot b e  done b y  independent units. The 
examples of recent improvements which I have 
referred to have been selected mainly because 
they ill ustrate the unity of treatment required 
by long lines. The correct course, therefore, 
appears obvious, viz. ,  to depute a body to do 
for all European nations that which no one 
nation can do for i tsel f ;  this is not a new de
parture, it is  already practiced by banks and 
railways in  their clearing houses. No bank 

would now tolerate for a moment any attempt 
to effect for i tself clearance of the various cheques 
presented to i t  daily, and consequently we find 
that the banks themselves have established 
their clearing house, which performs special
ised functions for all banks, and thus expedites 
the work of all .  

The corporate spheres assigned to any tele
phone authori ty may be determined by political , 
financial , legal or other considerations, and by 
reason of these spheres and considerations, the 
authority is entitled to receive revenues and is 
obligated to pay the taxes and bills arising out 
of or payable in respect of those spheres. But  
these corporate spheres have, in  reality, nothing 
whatever to do with the operating areas, which 
ought to be fixed solely wi th regard to obtain
ing the most efficient operating possible, and 
without any regard whatever to the corporate 
spheres. If the two differ, it is quite feasible 
for the operating authori ty to account  as 
between any two or more corporate spheres 
without sacrificing any operating efficiency. 
Once the fac t  has been grasped that there is no 
reason whatever for the corporat e  spheres of 
influence and the operating areas to be identical , 
and that each requires qui te separate considera
tion for its determination , there will be no real 
d ifficulty in arranging operating areas for 
efficiency and apart from corporate  spheres. 

With sectional , non-unified control over the  
various portions of the  through business, i t  i s  
not possible to design , construct and operate 
through lines of communication in a manner 
capable of meeting the needs of the  public. I t  
has already been shown in what manner con
di tions in one part of the plant may react on 
condit ions at another part, and how these parts 
may he distant from each other, so that in fact 
what is done in one country may render in
effectiye the efforts made i n  another country. 
I t  ough t not to be necessary to labor this point ,  
but perhaps an analogy may help .  The through 
business is as much a uni ty as is mil itary opera
tion . We have seen the advantage gained by 
unity of command in warfare and no one would 
now advocate independent multi-commands 
such as were seen in 1 91 4  and the early years 
of the War. If i t  were possible for the nations 
to agree on such unity of control for the purposes 
of War, i t  ought not to be beyond their powers 
to agree to a unity of control for the efficient 
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working of the through telephone business. I t  
i s  not enough for the separate organizations to 
attempt to agree to a code of rules to which 
each shall subscribe-such an attempt would 
only be to court failure. The business is vary
ing, flexible and very much a living thing, i t  
d emands intelligent and prompt treatment of 
i ts many variations, it requires control from 
central points carrying with it the power to 
instruct persons at great distance in the routines 
and duties they are to perform and such control 
can only be effected by a living authority always 
on duty .  

Besides the engineering considerations which 
h ave been deal t with , there are weighty reasons 
connected with the matters of circuit  layou t,  
business policy, rates and operating, about 
which much might be said , showing the impos
sibil ity of giving an adequate through service 
without unity of control, but this is not the 
place to deal with them. 

I t  is easier to analyze the conditions and to 
state the fundamental requirements for effi
ciency, than it is to propound a scheme for an 
effective organization . Yet some effort at a 
solu tion must be attempted even though i t  is 
unlikely that the first attempt will be success
ful .  Any solution must find some method of 
satisfying the financial needs of the business as 
well as the technical requirements. At present 
i t  is difficult enough for the various administra
tions to obtain from their Governments the 
money required for the construction of such 
plan t as is demanded by their own traffic, let 
alone for the fostering of traffic by the con
s truction of l ines not yet called for by public 
demand, and for the construction of l ines 
between non-contiguous countries, which l ines 
although demanded , are not required by the 
natives of the intermediate countries through 
which they pass. In  fact, in spite of the reality 
that Governments can borrow money at a 
cheaper rate than can public companies, i t  
remains true that Governments do  find dif
ficulty in raising the capi tal necessary for the 
legi ti mate demands of telephone development. 

The al ternative suggestions which present 
themselves are : 

1 .  To operate all  the through business both 
within and between the various coun tries in  
Europe by a single Long Lines Company work
ing under licenses from the various Governments, 

taking the calls from the local originating organ
izations, and being entirely responsible for 
them un ti! turned over to the local receiving 
organization . 

Governments would put the Long Lines 
Company into a proper legal position, and make 
i t  plain that the Company had the goodwill 
and support of the country, and they would 
co-operate with the Company in the handling 
of the t raffic. I t  might also be found desirable 
to turn over to the Company, either on purchase 
or rental , certain lines and equipment already 
in existence for handling through traffic. 

The advantages of this course would be that 
unified control could be achieved at  once. The 
service would be on an ordinary commercial 
basis and if the fees were correct, sufficient 
money could be raised to construct all l ines and 
equipment called for. 

2 .  The second alternative is, for the various 
Governments to form what would in effect be 
a private company or Commission of which the 
Governments only would be the stock-holders 
to do the work described in the first alternative 
and from each subscribing Government the 
Commission would derive its authority in that 
country. The Commission being supplied by 
funds, on some agreed plan of participation by 
each Government ,  would be the sole j udges of 
the plant to be constructed and operated , within 
the scope of the monies put at its disposal ,  and 
it would assume the ordinary responsibilities 
of a board of directors of a public company ,  
carrying ou t all the necessary functions and 
periodically reporting resul ts to those who 
supply the capital . I t  might be that all plan t  
constructed i n  any country should belong to 
that country, and that the capital to be provided 
by that country should be i ts proper share 
depending upon the plant within its own borders. 

In addi tion , the Commission could hire 
facil i ties, where economical , from the local 
administrations in cases where it would not be 
economical for the Commission to construct i ts 
own l ines. Such lines could be hired on a 
permanent or temporary basis. I n  the first 
case, they would be paid for at a proper rate 
per year ; in the second case, the Local Author
ity's l ines might be made use of and the com
pensation to be paid by the through business 
Commission might be a proper portion of the 
fee paid by the public. The above is the merest 

www.americanradiohistory.com

www.americanradiohistory.com


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

sketch of a scheme, but if i t  should fi nd accept
ance I am ready to put forward for considera
tion by the proper authorities a plan which I 
believe will be found to provide a basis on 
which the countries can be represented on equal 
terms and by which no unfair burden is placed 
on any country and I believe such a plan 
would result in better service and be self 
supporting. 

3. The third alternative is frankly one of a 
temporizing nature, being intended only to 
cover a study of this difficult  problem ; i t  is 
that the various operating telephone authorities 
should form themselves into an association for 
the purpose of studying this and other matters. 
Such association might come about gradually 
if  necessary, and regular meetings might be 
fixed for th� purpose of studying a pre-arranged 
programme, which apart from the larger ques
tion as to how the through business should be 
operated , might include the fixing of standards 
of measurement ,  performance and methods to 
be recommended to all and to be enforceable on 
those who subscribe to the association. 

If I may venture to make a definite suggestion , 
i t  is that  the telephone authorities of Europe
including the United Kingdom-as telephone 
operating authorities rather .than as Govern
ment Departments-should hold an early con
ference of all the telephone authorities-:-Com
panies and M unicipalities as well as Govern
ment Departments, to study in detail this 
problem and endeavour to find a solution. I 
am convinced that unity of control over the 
through traffic must 9btain in the end , but 
whether the through traffic is handled by one 
organization or by many, there are matters 
which urgently require agreement for the 

improvement of telephony as an efficient agent 
for service in Europe. 

Almost entirely ,  what has been said is limited 
to through communication by telephony ;  this 
is  not because there is nothing to be said regard
ing local service, but rather because it seemed 
better to try and focus attention on what at 
the moment is the greatest telephone problem 
in Europe, viz . ,  How shall the through busi
ness be organized ? Fortunately, the solution 
of this problem has never yet been seriously 
undertaken,  and the whole matter being quite 
open there are no standing decisions to be 
reconsidered . The engineering considerations 
make it plain that the communication which is 
possible both technically and commercia"ly can
not be established under the present dis::on
nected organization . As with a progressing 
organism the time has come when the o�gan
ization must, if it is to remain efficirnt, change 
from unicellular to multicellular and the vario 1s 
cells must take up special functions rather 
than all functions ; in that way only can the 
whole organization make progress. 

One way of increasing good-will among 
nations-especially necessary to be encouraged 
by all  means possible at the present time-is 
by greater and ever greater intercommunica
tion by all methods. In the telephone we have 
the most perfect means of communication of 
which we know, immediate and perfect human 
speech with all its tones and inflections and the 
ability by interchange of conversation to remove 
misunderstandings. If only we will use it, not 
alone will it benefit the industry of the nation, 
but we shall be making a definite step towards 
reducing the in tern a ti on al jealousies and fears 
and increasing the good-will without which 
there cannot be peace on earth. 
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Telephone Repeaters 

By BANCROFT GHERARDI 
Vice President and Chief Engineer of the A merican Telephone and Telegraph Company 

(In the following article the author describes the application 
of the telephone repeater to the telephone plant. A description 
of the various types of telephone repeaters which have been 
employed and their operating characteristics appeared in 
the A ugust issue of ELECTRICA L  COMM UNICA TION. 
-EPITOR.) 

PART I I-APPLICATION OF REPEATER 

F. ROM an operating standpoint ,  repeaters 
are applied to the lines i n  three different 
ways. I n the first place, there is what is 

�nown as the through-line repeater. This is � 
r�peater which i s  connected i nto a give11 t(!le� 

FIGURE 11 

phone circuit and remains there at all times . A 
qecond type is the cord-circuit repe<).ter w)lich is 
a repeater i n  a cord circuit and may be connected 
into the line by the operator at any time that she 
wants it, so that it can be used on .a number of 
differen t  circui ts successively. A third type is 
the emergency repeater, which is made up in 
portable form, and carried around to meet special 
and temporary conditions. Figure 1 1  is  a photo
graph of one view of the emergency repeater. 
A general idea of the scale of the picture may be 

obtained by noticing the bulbs i n  the middle �of 
· the top of the panel. The balance of the eqµip
ment compri{'es the associated apparatus _:_ the 

FIGURE 12 

coils, signaling apparatus, resistances for con
trolling current, the condensers, and the rest of 
the apparatus which goes with a repeater jnstal
lation. I t  may be noted what a small part the 
repeater bulb is of the repeater installation as a 
whole. 

Figure 1 2  is a picture of the front of the emer
gency set ,  with the case open showing the ap
paratus that is used for the purpose of opera
tion an.cl signaling. Figure 13 shows the back 
of the emergency set .  

It  will  be interesting to note some of the 
practical applications t ha t  have been made of 
repeaters. There has been a very large number 
of repeaters i nstalled in the Bell System ; there 
being about two thousand of them working at 
the p_resent time. On account of the striking 
character of the Transcontinental Line, and t he 
fact that it was the first line of its kind anywhere 
fo t he world, i t  will be described first. l 

The Transcontinental Line was built wi th two 
terminals at this end, one at Boston and the 

21 
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o ther a t  New York, and at the other end it was 
terminated at San Francisco. The line is  
operated with thirteen repeater stations, at  

FIGURE 1 3  

New York, Harrisburg, Pittsburgh, Beaver Dam, 
Morrell Park, Davenport, Omaha, North Platte, 
Denver, Rawlin::s ,  Salt Lake City, \Vin nemucca 
and Sacramento. \Mit h  the repeater::; i n  t he 
l ine has a transmission efficiency of abou t 4 
per cent .  \Nithout repeaters the ratio of input 
energy to output energy would be approxima tey 
3 (10)14• 

lt is very interest ing at this point  to consider 
what would have been the effect of trying to 
solYe the problem of talking over long telephone 
circuits by means of loud-speaking transmi t
ters. For a good many years i nventors, sci
entists, promoters--both here and abroad-
thought that the  solut ion of the long-distance 
problem was very powerful t ransmitters. Such 
transmitters were designed , a nd i n  some cases 
a good deal of stock was sold based upon them. 
Now,  the first thi ng we did in studying this 
repeater problem was to look at it from the 
broadest possible point  of view. I nasmuch as 
it was desired to gi�e service all  over the United 
States ,  from one extreme to the other, we asked 
ourselves the question :  " What is the best way 
to do that.? " Consider all the alternatives
loud-speaking transmitters would be one alter-

native, sensitive receivers would be another, 
repeaters would be a third ,  and modified line 
construction might be a fourth . All of these 

Ficcm: 1 4  

alternatives \Yere considered, and we decided -
rightly,  I am sure-that the solution lay in the 
telephone repeater, so we proceeded to develop 
the telephone repeater. 

To have accomplished on the Transcontinen ta l  
Line by modified transmitter::; the results which 
are obtained by repeaters, i t  would have been 
necessary to h ave a transmitter whi ch would 
haye so great an output of  telephone current 
that it would impress H,000,000 vol ts on the 
telephone l ine.  This, of course, is an absurdl y  
high voltage. 

FJGlJRE 1 5  

Theoret ically a t  least, another way of obtain
ing that Transcontinental Line conversation 
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would have been,  in.stead of using repeaters, 
to put more copper into the line. At the present 
t ime the Transcontinental Line has per mile 
about  870 pounds of copper-a l i ttle less than 

1 ,000 pounds-so that t here are about three 
and a h a lf million pounds of copper on the l ine 
from Boston to San Francisco. To get along 
without the repeaters, and give the same trans-

m1ss10n that is no-w being given ,  would require 
the use of about :36 ,000,000 pounds of copper i n  
addition t o  the three and a hal f million already 
on the line. Of course, economically , that ·would 
be an absurd solution ; it would mean that there 
would be no Transcontinental Line, because no 
one could afford to pay for tr.rnscontinental 
communication over a circuit V\ eighing about 
1 0,000 pounds per circuit mile. 

A number of pictures of repeaters on the 
Transcontinental Line are here illustrated . Fig
ure 14 is i nteresting. I t  is the first i nstallation 
of repeaters made at  Denver in  connection wi th 

FlGUj.<E 18 

the Transcontinental Line. It is interesting 
chiefly because it is  so d ifferent from those which 
are shown in pictures that follow. 

Figure 1 5  shows some more of that first 
Denver installation, anti Figure 16  is a view 
closer up of the vacuum tube repeaters in Fig
ure 1 5. Figure 17 is a view of t he artificial 
l ines that balance the regular l ines. 

F igure 1 8  is a picture of a modern repeater 
unit,  showing the front view, the back view, and 
the edge-wise view. 

Figure 1 9  shows an installation of six modern 
repeaters-not of the latest type, but the type 
that followed that experimental apparatus. 
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These are installed i n  a row with a testing unit 
in  the middle. The testing unit enables us to 
make the necessary electrical measurements to 

repeaters are in proper operati11g 
condition. Figure 20 is a vie'v of the back of 
t hose units sho"\\:i ng t he _mqunting of the ap� 
para,tus CJ,t the rear. 

Figure 21 is a view of t he balancing artificiat 
litres that go with t he repeaters shmvri in Fig.: 
g\i::res rn and 20. . 
i·tigure 22 is a group of vacuum tube repeater� 

i\:Bich have been installed i n  Prm:idehce, anc{ 
�ich are working on the cable circuits running 
f�m Providence. They are very much lik� 
the other pictures which have heen shown iii 
connection with vacuum t ubes. Figure 23 is  
the rear view. 

Figure 24 is  a diagram which shows what 
takes place with reference to the energy on the 
Transcontinental Line. Of course the amount 
of energy that is started at  the sending end of 
the l ine is dependent upon j ust how loud the 
person speaks, but, for the purpose of this 
diagram, we have assumed an average figure, 
which is 1 : 100 wat t ;  the energy is attenuated as 
it passes along the l ine and amplified at each 
repeater station , until i t  finally gets to San 
Francisco-still up enough to give a thoroughly 
satisfactory telephone conversation. 

The dotted curve on this diagram shows the 
energy that would have to be i n  the l ine i f  the 
repeaters were not used, in order to deliver the 

same energy at the receiving  end. This d otted 
curve is not  complete, because at the poin t  
marked Boston on the diagram i t  would have to 
be 1 0,0GD,000 miles high. 

Figure 25 shows an i nstallation of mechanical 

FlGFRE 20 

repeaters using the element shown in Figure 3 .  
The clements are at t h e  tops o f  the panels, and 
all the rest is  the supplemental apparatus neces
sary i n  order to make them work. Figure 26 
is  a back view of the same panels. 

Figure 27 is a view of the Princeton repeater 
station. Princeton is located along tbe route 
of the cables extending from Boston to Wash
ington. The first cable was completed in 1914, 
and since then bas been supplemented by other 
cables. At Princeton, the number of repeaters 
was so great that it was found worth wbile to 
construct a special building rnerely for their 
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accommodation, and Figure 27 1s an external 
view of that building. 

Figure 28 is the interior plan of the building, 
showing the space for the two-\yire repeaters, 
for four-wire repeaters, and room for growth . 
The test boards,  relay racks, fuse panels and 
distributing f rame, are also indicated . 

Figure 29 shows one of the two-wire repeater 
units and Figure 30 one of the f our-wire uni ts. 
It will he noted that there are four repeaters on 
each panel unit .  

Figure 31 shows a bank of two-wire repeater 
units. 

Figure 32 is a view of the cable test board 
which was shown i n  the floor plan. 

Figure 33 is  a view of some supplemental 
a pparatus, showing  the fuse panels and the 
spring jacks by which o ne can cut in  on the 
various circuits and measure the exact amoun t  
of currents which the tubes are taking. That 

is  important in connection with keeping the 
devices in proper operating adjustment. 

Figure 34 is a diagram on which is shown the 

route of th� Bostof}-Was�jn?to
_
n cable', a1'.-d a!so 

the route ot the first sect10n ot the cable wluch 
\Ve are now planning to Chicago. That cable 
is already in pla�e for a short distance out of 
Chicago, and 

"{eoiil Philii.delphia t� Pit tsburgh . 
By some time next year i t  will be extended as 
far as Cleveland. 

FIGURE 23 

Before speaking further about  this extension 
of the cable system to Chicago, I vvould like to 
say a l i ttle more about  the Boston-\iVashington 
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cable . At the present time, among the most 
interesting of the circuits that we are working 
in that cable are the circuits from New York to 
Washington-2-wire, 19-gauge circuits, 40 

FIGURE 24 

pounds per mile. These 19-gauge circuits from 
New York to Wa_shington present a problem as 
difficult as the No. 8 circuits from New York to 

Frmnm 25 

San Francisco. The fact that the distance is 
so much less is  offset by the fact that the wire 
is so much smaller, and the capacity so much 
greater-due to being in cable. We have, how
ever, been abl.e to get successful results with 
those circuits-in fact as good as on the other 
circuits that were working bet1\ een New York 
a nd Washington . We have cu t  out about four-

fifths, or five-sixths, of the total attenuation of  
that circuit, so that the actual talk which the 
the public gets over those circuits is as good as 
though they were only a few miles long. 

FIGURE 26 

Now, in the same way that this cable tied 
together the most i mportant places i n  the 
United States located along the Atlantic sea
board, and provided them with connection which 
was storm-proof, the cable extending to the west 
is going  to bring all of these Atlantic seaboard 
points into similar touch with such places as 
Pittsburgh, Cleveland,  Toledo-there is a short 

spur gomg up to Detroit--and t hen with 
Chicago. J ust as soon as we get a second route , 
which i s  now under contemplation , from Boston 
to Albany, Buffalo, Cleveland, Toledo, a nd so 
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on, we will not only have an alternative route 
from Boston to the West, but we will also have 
such places as Albany, Syracuse, Rochester, and 
Buffalo , brought into the combination ; so that 

FIGlJRE 28 

we will have, by the running of those three 
cables, and a few spurs-practically all the 
principal places in a large part of the United 
States connected together in the cable network. 

Frc;c;RE 29 

The i nteresting thing is hmv \Ye are going to 
get that cable to talk. You will remember i t  
was only a few years ago when t here was a 
terrible dread of even a few miles of cables i n  a 

toll l ine ; then i t  was considered quite an accom
plishmen t ,  and required quite a good deal of 

FJGUHE 30 

care, to design toll cables to \vork satisfactorily ,  
from Boston to Lynn, and Salem-and Wor
cester was a real problem. Then the Chicago-

Milvrnukee cable came up as a problem : and I 
can remember very well one evening i n  Boston 
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when Mr. Hayes, Mr.  Fish , then President of 
the A. T. & T. ; Mr .  E. K. Hall , Vice-President 
of the A .  T. & T.;  Col .  Carty, Chief Engineer of 
the New York Telephone Company, a nd a lot 
of other prominent people, were present at  a 
meet ing to discuss the cable between New York 
and Philadelphia- a matter which was then very 
serious and very difficult. I t  was just as dif-

ficult i n  those days, as the things �wlilch are 
being done today, starting from the point  which 
was reached i n  the earlier work. 

One important feature of this project is  the 
use of the four-wire circuit ,  which has already 
been described to you. I t  might seem a waste 
of material to use two pairs where fonnerly only 
one pair was lised . I t  does seem like a waste 
of material from one poin t  of view, but from 
another point 0f view, the original Chicago 
circuits at 870 pounds p�r mile circuit ,  will be 
replaced by two No.  19-gauge pairs totallirig 
80 pounds of copper per mile circuit .  This is 
accomplished by applying the four-wire prin
ciple. 

I t  is  expected that  there will be 17 inter
mediate repeat ing points between New York 
and Chicago. The circui t  will be so efficient 
that the energy at the receiving end will be 
equal to one-tenth of the  energy put  into the 
circuit at the transmitting end. I t  is impos
sible to tell how much the energy would have to 
be at the transmitting end if it wasn't for the 
repeaters ; it is  in such i nconceivably large num
Lers that it doesn ' t  mean much to any of us. 
Those that are mathematically i nclined may 

know what 10 to the 44th power is, but it may 
be illustrated i n  another way. This circuit w ill 
be satisfactorily heard in  Chicago if the ordipary 
telephone transmitter is spoken i nto in an 
ordinary tone of voice at Boston or New York. 
Without the repeaters, if one were to put all of 
t he energy of al l  of the prime movers i n  the 
V1 orld i nto the sending end of that circui t  i t  
wouldn't  be capable of giving a n  audi )Jle sound 
at the receiving end . I ndeed i f  one put all  of 
t he energy radiated hy the sun into the trans
mitting end of that circuit ,  he couldn ' t  get any
thing out of the receiving end . I t  is almost 
impossible to conceive of the degree of amplifica
tion that is put into that circuit by the 17 
repeaters working in  series. The amplification 
in billions can be expressed as a billion, billion, 
billion , billion million-if t hat means any thing 
to anybody !-it doet>n' t  mean anything to me. 

FIGURE 33 

But we do know that the circuit will work, 
because vve have set up such a circuit, and 
talked over i t .  

The amplification is so  great as  to give a 
number of very interesting results-one of 
which may be mentioned. I n  the circuit there 
is a very nice balance between an enormous 
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loss and an extremely great amplification; that 
is, the amplification is j ust a little bit less than 
the loss. Those t\\:o things are so very large 

F1GuRE 34 

-and the difference is relat ively so small ,  that 
there is a big change in the efficiency of the 

FrGuRE 35 

circuit with ordinary changes in temperat ure , 
such as arc bro ugh t  about by the sun shining 
on the cable for a few minutes. I t  is  necessary 
therefore to have arrangements i n  the circuit 
for automatically regulating the amplification 
in the repeaters, to compensate for the changes 

in energy loss due to the changes in resistance 
of the copper wires j ust from heatin g  them a 
little bit or from cooling them off a l i ttle bit. 
With a change of temperature which can easil y 
take p lace i n  passing from a general cloudy to 
a sunny condition, the amount of energy received 
at t he other end without compensation would 

Frr;uim 36 

be changed by as much as a thousand t imes. 
If the change were upwards, without compensa
t ion the circuit \nmld  talk so loudly that i t  
would sing, and , i f  the change were downwards, 
one couldn't. hear on the circuit at all .  

You will be interested in  some pictures o f  the 
t ype of repeater by which these marvelous results 
are accomplished . Figure 35 shows a front 
view of two of these repeaters. Figure 36 shows 
the fron t  of a bank of sixty repeaters as act ually 
installed on this cable. The form of assembly 
is such as to lead to large economies in space 
and operating costs. Figurre 37 is a back view 

of a bank of t he same type of repeaters. 
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Another very interesting development i n  the 
extension of telephone circuits which has been 
made possible by means of telephone repeaters 
is the cables which have been laid between Key 

FJGUlE 37 

W€st a nd Havana, a distance of about 125 
miles. We have laid i n  conjunction with the 
Cuban Telephone Company, three one-con
ductor cables for this service. Each of these 
cables is operated as a telephone circuit with 

satisfactory talking circuits across on those 
cables. With the amplifiers that we use ,  the 
energy at the receiving end of the cable is about 
one-sixth of the energy put into the cable at 
the transmitting end ; without the amplifiers, 
it would be o ne-seven-hundredth. To under
take to use those cables without amplifiers would 
require a cable so large, and so heavy, that no 
existing cable-ship could have the machinery 
to handle i t ;  also , there would be the economical 
factor to take into consideration-there would 
be no opportunity to develop any considerable 
business at the rates which would then be neces
sary to carry the investment. 

Reference has already been made to the very 
great amount  of work which has been required 
in the development of telephone repeaters, and 
in  their application to the Bell System. It has 
been necessary to develop not only the vacuum 
tubes and coils which are used to reproduce the 
speech currents faithfully, but also the many 
other pieces of apparatus and circuits which are 
essential if the repeater is to operate satisfac
torily in the existing telephone plant. I refer 
to signalling equipment-the apparatus neces
sary to e nable one operator to signal another 
operator even though the circui t connecting 
them con tains several telephone repeaters. We 
must also provide means for permi tting the 
telegraph currents to pass through the repeater 

su11erimr)()sed t elegra1)h facili ties. The mechan- · · l "k 1 · st allons unmterrupt.ec . L1 e al machines, re-
ical condi t iom; were largely con t rolling in t he 
design of those cables. In t he first place , we 
,were not able to d eal wi th  the rcpca 1 2r problem 
in our usual 1n1y-for t here is a stretch of 1 25 
miles w ith no chance tu put repcat c!rs i n  at 
intermediate points,  as vve should l ike to. In 

the nexE place, the l\�ater i s  over G ,000 feet deep 
at the deepest point and a considerable part of 
it is over a mile deep . 1 t is so deep that the  
mechanical conditions are controll ing, and we 
cannot safely use an ordinary type loading coil , 
or even special types of loading coil. However, 
repeaters located at  the cable tenninals have 
been designed so that we are able to get very 

peat ers get ou t  of order occasionally So as to 
be able to diagnost: and remedy t he trouble 
prompt ly , \ve haxe eq uipped t hem \vith appa
otus so tha t the different  parts of the circuit 
can he measured .  ApjHratus for d � l ermining 

t he amoun t  t he voice is magnified is also used 
so t hat we are able to dekrmine whether the 
s .ibscriber's vo:ce whe;1  receive! at t h �  dis tant 
station vvi l l  be loud enough to In easily under
stood . I t  will Jr apparen t  that  even after we had 
perfected our vacuum tu bes and coils, i t  was 
sti l l  necessary for us to design numerous other 
devices to enable the repeater set to operate to 
the greatest advantage. 
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Notes on Loaded Long - Distance Telephone Cables in Europe 
By P. E. ERIKSON 

European A ssistant Chief Engineer, International Western Electric Company 

IN the following notes an attempt has been 
made to outline, briefly, some of the 
achievements in the field of long-distance 

cable telephony in Europe. The extraordinary 
development in the telephone art witnessed in 
the United States during the past decade, 
has had a healthy reaction in the more pro
gressive European countries. 

But  for the intervention of the War which , 
of course, severely retarded all activity in 
commercial telephony, progress in Europe today 
would undoub�edly have been much more 
advanced . However, since the Armistice and 
more particular! y since the early part of 1 9 1 9 ,  
t h e  demand for reconstruction of, and added 
facil ities in the long-distance lines has been 
greater than ever. This· sudden demand for a 
large number of telephone circuits could not 
be carried out efficiently by running more 
wires on existing poles, or by erecting additional 
pole lines where the existing ones were filled to 
their ultimate capacity. Nor would it have 
been good engineering practice to adopt such 
a course, when it  was known that the unreliable 
open wire l ines could profitably be replaced 
by the modern telephone cable, which is prac
tically immune to t he vagaries of any climate. 

l t is not within the scope of these notes to 
describe the development of the paper-insulated 
loaded telephone cable which , by virtue of 
numerous refinements in design and manu
facture, permits of the most efficient use of 
the conductors contained in the relatively 
small space afforded by the surrounding lead 
sheath.  

By way of illustration i t  may suffice to say 
that, in a lead pipe having an internal diameter 
no greater than 6 cm. ,  this cable can carry 300 
pairs of telephone wires yielding 450 telephone 
circuits which , by the aid of amplification 
through loading coils and thermionic repeaters, 
are rendered far more efficient than the old style 
open wire circuits. 

I t  is not surprising, therefore, that when this 
demand for additional circuits arose, several 
of the progressive Telephone Administrations 
in Europe turned their attention to this means 

of meeting it .  The countries which first gave 
this question serious consideration were Great 
Britain, Holland , I taly, Sweden and Switzer
land . Other countries have, to a lesser extent ,  
followed the lead of  those mentioned. 

GREAT BRITAIN 

In a country as densely populated as Great 
Britain and having i ts more important com
mercial and industrial centers scattered over 
a relatively small area, the need for sufficient 
long-distance telephone lines is easily understood . 

As a matter of fact, Grea t Britain has been 
the pioneer in long-distance cable development 
in Europe. Loaded long-distance cables were 
installed for commercial use as far back as 
1 908 when the first Liverpool-Manchester cable 
(62km.)  was installed . This cable was not 
designed or balanced for loaded phantom 
operation , but the pairs were loaded with toroidal 
iron core loading coils of Western Electric 
design . Previously the British Post Office had 
experimentally loaded some circuits wit h  solen
oidal , air-core coils,  but owing to difficulties 
with insulation and external disturbances these 
coils were abandoned in favor of the toroidal 
iron core type. 

The in troduction of phantom loading in 
long-distance cables in Great Britain took place 
in 1913  when the laying of the London-Birming
ham cable commenced . This cable, which is 
176 km. long, contains 52 physical and 26 
phantom circuits, a large proportion of the 
latter being loaded at  the outset and provision 
made for the insertion of further phantom 
loading coils la ter. When this cable was 
designed the use of telephone repeaters was 
not contemplated ; the dimensions of i ts copper 
conductors, therefore, in order to give the 
desired transmission , had to be relatively large, 
the largest being 3 .48 mm. in diameter. The 
transmission equivalent ,  between test-boards, 
of this type of circuit (loaded) is 4.2 miles of 
standard cable (/31 = 0.46) . At the time of its 
completion the London-Birmingham cable had 
no equal in Europe in magnitude or efficiency. 

37 
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The cable was extended to Liverpool some 
time after the completion of the London-Bir
mingham section and in 19 16  Great Britain 
had the longest phan tom-loaded toll cable in 
Europe (320 km.) in successful operation. 

About the time of the installation of the 
London-Birmingham-Liverpool cables, several 
other long-distance cables were being laid . 
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actively turned their attention to carrying out 
the aforementioned programme, which was 
augmented to incl ude several other main routes, 
notably among others the London-Bristol ( 198 
km. ) ,  London-Southampton (137 J<:m.) , London
M anchester (300 km. ) ,  London-Leeds (324 km.) . '

A complete list of all the long-distance cables 
in Great Britain would occupy more space than 
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Among these may be mentioned the Leeds-Hull 
(95 km. ) ,  the London-Brighton (85 km. ) ,  
London-Colchester and the B irmingham-Leeds 
( 173 km.) cables. 

These cables formed but a small part of an 
elaborate long-distance cable programme which ,  
while planned before the War, could not be 
carried out during that time. Thus it was 
contemplated to link up several of the com
mercial centers in the Midlands with London. 
London-Manchester and London-Leeds cables 
were to be two of the main arteries from which 
extensions were planned in several directions. 

When the War ended, the British Post Office 

these notes call for. Some idea of the amount of 
loaded long-distance cable laid to date may be 
formed from the fact that 257,600 circuit
kilometers of loaded cable are now in service, 
which is considerably more than one-half the 
total of all loaded toll cable in  Europe (exclud
ing Germany, from which statistics are not 
available) . Approximately 1 60,000 additional 
circuit-kilometers of loaded cable are in course 
of construction. 

In the commercial application of loading coils 
to telephone cable circuits, Great Britain has 
been the leading country i n  Europe. Th� 
British telephone authorities who, up to the 
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end of 1911  consisted of the Post Office and the 
National Telephone Company, were fully alive 
to the economies which could be effected by 
the use of loading coils. 

The long-distance lines in Great Britain 
have been under the control of the Post Office 
since 1896, while the National Telephone Com
pany's activities were confined to the local 
areas in London and to the provinces. 

The National Telephone Company began 
using loading coils a? early as 1906, when some 
of their important cable j unction circuits were 
loq.ded. . 

The growth of the .c,:ommercial development of 
loading coils may be seen by reference to the 
Curve Chart (Fig. 1 )  which shows the number 
of loading coils manufactured by the Western 
Electric Compaqy and furnished to the Tele
phone Adrni11istra tions in Europe during the 
years 1906-1921 . It will be noted that by far 
the greater proportion of the coils were .used 
by the British Telephone Authorities. 

HOLLAND 

A study of the telephone statistics of Holland 
reveals some interesting facts. Dud11g the 
ten-year period 1904-1914,  the number of 
telephones per 100 inhabi tants increased three
fold. In 1914  there was one telephone per 70 
inhabitants,  w):iile by December 30, 1920, there 
was one for every 42 inhabitants. Furthermore, 
the figures show that about one-half of all the 
telephones in the country are to be found in 
the three largest cities, Amsterdam, Rotterdam 
and The Hague, in each of which the local 
service is operated by the municipality. 

In 19 1 1  it became quite evident that the 
telephone traffic between the cities was growing 
at such a rate that the aerial lines could no 
longer provide the desired circuit facil i ties. 

The Dutch Telegraph Administration which 
operates the long lines therefore decided to lay 
a cable between these cities, the scheduled 
date for the commencement of the work being 
set for HH4. The ducts which were to hold the 
cable and the manholes for j ointing the cable 
and providing accommodation for loading coils 
had been constructed and everything was 
ready for the cable installation. The outbreak of 
the War, however, stopped all activi ties in  
this line and i t  was not unt i l  1919 that  the 

laying of the cable began. Once the laying of 
the cable had commenced work proceeded 
apace and commercial operation was begun 
in September, 1920. The cable is 90 km. in 
length and contains 1 80 loaded telephone 
circuits, of which 60 are loaded phantom 
circuits. 

In the Amsterdam-Rotterdam cable a total 
of 180 loading coils had to be installed at each 
point and for convenience, these were mounted 
in four containing cases per point. The cable 
itself is laid in one channel of a 4-way concrete 
duct, which extends practically the whole 
distance. 

This cable, while serving the three principal 
cities, also provide circuits for intermediate 
towns. Some high grade circuits (21 in num
ber) are included in the cable for connection to 
other circuits in the toll l ine system of the 
country. These circuits consist of 2 mm. 
conductors, the side circuits of which give an 
over-all transmission equivalent for 90 klJl. of 
5.7 standard miles (/11 = 0.62) , while the pbantom 
circuits equate 4 .. 6 standq.rd miles (/11 = 0.5) 
for the same distance. The cable also �ontains I . 
1 .3 mm. and 0.9 mm. conductor circuits which 
are intended for terminating and intermediate 
traffic.  

. 

The next cable to be insta11ed was the Amster
dam-Utrecht cable, which may in ·a sense be 
considered as an extension of the Amsterdam
Rotterdam cable. Eventually, this will be 
extended to Rotterdam. (over Utrecht) , thus 
providing direct traffic channels between Amster
dam and Rotterdam. This cable, which is of 
the armoured type and placed d irectly in the 
ground, is about 42 km. in length and contains 
128 loaded telephone circuits, of which 39 are 
loaded phantom circuits. This work was 
completed and some of the circuits put into 
service in May of this year. 

I n  addition to sixteen quads of 2 mm. con
d uctors, affording 48 telephone circuits of the 
same efficiency as those referred to previously 
on the Amsterdam-Rotterdam cable, there are 
23 quads and 1 1  pairs of 1 .42 mm. loaded con
ductors, yielding 80 circuits .  The phantom 
circuits of this grade have a transmission 
equivalen t of 3.8 miles of :;tandard cable 
(/11 = 0.41 )  between test boards, while the side 
circuits equate 4.8 miles of standard cable 
(/11 = 0.52) for the same distance. 
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A third i mportant link in the long-distance 
cable system in Holland is the Rotterdam
Dordrecht cable. This cable is identical , so 
far as construction and circui t facil ities are 
concerned , with the Amsterdam-Utrecht cable. 
The length is about 20 km. All the cables 
referred to were manufactured by the Western 
Electric Company. 

Owing to the large number of river crossings 
and waterways which had to be traversed , i t  
was necessary t o  install several sections of 
submarine cable in all of the long-distance 
cable lines . The construction of these sub
marine sections does not differ grea tly from the 
land cables, except that a somewhat heavier 
iron wire armour was applied over the lead 
sheath as a means of protection . The con
ductors were insulated with paper , just as in 
the land cables, and the electrical cons tan ts 
maintained uniform throughout .  

The loading plan adopted for all of  these 
cables called for spacing of the loading coils 
at distances of about 3 km. 

In the case of the Amsterdam-Rotterdam 
cable the loading coils are buried in the ground 
a short distance from the joint ing chambers 
where the ducts are terminated . They rest 
on a bed of concrete and are enclosed by w<mden 
sides. The loading coil stub cables are armoured 
by steel flexible tubing, at the end of which a 
straight joint is made to short lengths of 
armoured auxiliary cable connecting with the 
main cable in  the jointing chambers. On later 
cables in Holland large concrete manholes were 
constructed to accommodate the pots and 
connecting cables. The total number of circuit
kilometers contained in  these three loaded cables 
amounts to 25,385. 

During the present year t he system is to be 
extended . Cables of similar construction to the 
Amsterdan-U trech t cable are to be installed 
between Dodrech t and Bn da, between Breda 
and Roosendaal and betw( en Breda and Til
burg. The extension of t he cables to the places 
mentioned is in line with the aim of the Dutch 
Telegraph Administration's desire to provide 
good circuits for connections to Great Britain 
through channel cables. It is  also proposed to 
install another cable between Rotterdam and 
Amsterdam, as the present cable does not supply 
suffident circuits for future requirements. 

ITALY 

In March , HH 3,  the I talian Parliament  
passed a law which will have a far-reaching 
influence upon the long-distance telephone 
development in that country . The Ministry 
of Posts and Telegraphs had prepared an 
estimate covering the supply and installation 
of a loaded cable system which is intended t o  
l ink up the more important industrial centers 
in Northern I taly, Lombardy ,  Piemonte and 
Liguria. The es ti mate covering this project 
called for an expenditure of 50 mill ions of l ire 
(two millions of pounds sterli ng, or nearly ten 
millions of dollars, at par) . Since MiJan , 
Turin and Genoa, the three largest ci ties in  
the districts mentioned , would receive the 
greatest benefits of this cable system, the 
project became generally known as the " Milan
Turin-Genoa cable . "  The combined length 
of this cable system was to be about 808 km . ,  
representing approximately 36 ,200 circuit-kilo
meters of loaded cable. Before proceeding 
with the project it  was necessary to obtain 
parliamentary sanction , which , according to 
established practice in I taly, takes the form 
of a law. As already mentioned , the law 
authorizing the Ministry of Posts and Tele
graphs to undertake the work, was passed in 
March 191 3 . 

Certain preliminary wo-k had to be done by 
the Ministry and o ther Governmen tal Depart
ments consul ted , before tenders for the execu
tion of the work could he issued in final form. 
The work was therefore delayed and then the 
outbreak of the War suspended further activi ties. 

In 19 1 9  the project was revived and reex
amined in the light  of the most modern develop
ments i n  long-distance telephony. Prior to 
191 4  the use of loaded cables with fairly heavy 
copper conductors had been contemplated , 
but with the knowledge of the successful in tro
duction of the thermionic telephone repeaters 
on loaded cables, permitting of a reduction in  
the size of the copper conductor required , the 
Technical Director of the Telegraph Adminis
tration deemed it advisable to revise the pro
j ect  of 1913 .  

Although the plans for the revised project 
were prepared in 19 19 ,  a new factor entered 
into the problem ; safeguarding the cable against 
power interference. 
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The hydroelectric development in Northern 
I taly has, in recent years, reached a stage 
unequalled in most European countries. High 
tension power lines, supplying electricity for 
industrial purposes and for electric railroads, 
are erected both along highways and across 
country. I t  was therefore necessary to select 
a route which would insure immunity to dis
turbances from these l ines. An investigation 
was carried out during 1920 for this purpose 
and alternative routes selected. 

In 1921 the contract for supplying the cables, 
loading coils, telephone repeaters and asso
ciated apparatus was awarded the Societa 
I taliana R eti Telephoniche Interurbane, which 
is affiliated with the International Western 
Electric Company .  

The cable will be  laid underground in ducts 
practically the whole distance and the work 
is now about to start. 

SWEDEN 

In poin t of telephone development Sweden 
ranks second among the European countries. 
There is one telephone per 14 inhabitants and 
this is surpassed only by Denmark, where 
the rat io is 1 to 1 2 . G eographically, Sweden 
covers so great an area that the long-distance 
line development in recent years has assumed 
considerable proport ions. 

During the War the traffic on the. main toll 
lines increased to such an extent that the Swed
ish Telegraph Administrat ion decided to invest i 
gate ways and means of  providing adequate 
circui t facili ties to care for present and future 
demands. The traffic study made showed 
clearly that the best solution of the problem 
was to put down cables containing sufficient 
circui t facilities to provide for growth up to 
193 1 .  

The two largest cities i n  the Kingdom, 
Stockholm,  the capital on the east coast, and 
Gothenburg, the most importan t commercial 
city on the west coast, were in greatest need of 
improved communication . The Administration 
therefore decided that this route should be the 
first one cared for. Tenders were asked and 
in August 1919 the I nternational Western 
Electric Company submitted a cost estimate 
for the supply of a modern telephone cable,  
equipped with loading coils and telephone 

repeaters. The estimate was approved by the 
Telegraph Administration who, through the 
Treasury, asked Parliament Jar the necessary 
funds. On January 16,  1920, the Parliamentary 
Proposition was introduced and shortly after
wards passed and approved. This cable ,  while 
primarily intended to serve the two cities 
located at i ts termini ,  l inks up several important 
towns on the way. From these centers the 
traffic will be switched to open wire l ines for 
other parts of the country. 

The total length of the cable  is 540 km. The 
number of conductors varies on different sec
tions, depending upon the circuit demands 
between intermediate points. The aggregate 
length of loaded circuit in the whole cable 
amounts to about 96,650 circ�it-kilometers. 
There are eight repeater stations (including 
those at  the terminals) with an initial equip
ment of 298 thermionic telephone repeaters. 
The repeater stations are d esigned to permit 
of future extensions to more than double 
their present capacity. All of the cable, loading 
coil and repeater equipment has been delivered 
and the constructional and installation work 
is nearing completion . When completed the 
Stockholm-Goteborg cable will be the longest 
phantom loaded and repeatered underground 
cable in Europe. 

SWITZERLAND 

Although relatively small in area Switzerland ,  
owing to its central location , occupies a n  import
ant position with reference to long-distance 
telephone communicat ion in Europe. I n  point 
of telephone development the country ranks 
fourth in Europe, the latest figures available 
showing that there is one telephone to 23 
inhabi tants. In every department of telephone 
service Switzerland has always been to the 
fore, util izing the latest improvements in the 
art . Several international telephone lines 
traverse the country and th e Swiss Telegraph 
Administration has always cooperated wi th 
the neighboring countries by giving over their 
best circuits for this purpose. 

Experience had shown tha t ,  owing to t he 
rapid development of electric railway traction 
and supply of electric power for industrial 
purposes, difficulties would arise as a result of 
unavoidable disturbances from these sources. 
In order to overcome this trouble the Adminis-
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tra tion decided to go in for underground cable 
in their long-distance l ines. 

Broadly speaking, there are two main routes 
over which the toll t raffic passes : north-south 
and east-west. The former originates at Basel, 
runs through Olten , Lucerne, past t he Lake of 
the Four Cantons through the Got thard Tunnel , 
and over Lugano ( I talian part of Switzerland) 
to Northern I taly. This affords communica
t ion from t he Northern Countries (England, 
Belgium, Holland and Germany) to I taly. 
The west-east line begins a t  Geneva and runs 
through the middle part of Switzerland to Lake 
Constance, linking up several important ci ties, 
such as Lausanne, Berne, Zurich and St. Gal l .  

Realizing t he importance o f  these traffic routes 
t he Swiss Telegraph Administration started 
their long-distance cable system by replacing 
the overhead l ines along these routes .  One of 
the more important cables laid is the Lucerne
Attinghausen cable, which passes through Arth� 
Goldau at the foot of t he Righi ,  along the Lake 
of the Four Cantons in the direction of the 
Got thard Tunnel . A lthough the present cable 
is rela tively short (54 km.) it forms the backbone 
of the north-south route, which will eventually 
be placed in cable as far as practicable. 

The number of loaded conductors contained 
in this cable varies along the  route, the maximum 
number of circuits in any portion being 93 , 
including the phantoms which are also loaded . 
The cable is of a composite type, containing 1 .5  
mm. and 1 mm.  conductors, according to the 
service need. The over-all transmission for 
the 54 km. length is about 8 .5 standard miles 
({11 = 0.93) for the 1 mm. side circuits and 7 
standard miles ({ll = 0.77) for the phantom 
circuits. The transm1ss10n equivalents for 
the 1 .5 mm. circuits are about 45% lower than 
the corresponding 1 .0 mm. circuits. 

In order to pFOvid� bet ter service between 
Zurich and Southern Swi tzerland a cable of 
some importance is now being laid from this 
town to Arth-Goldau over Zug, a distance of 
42 km. Constructionally t his is  iden tical with 
the Lucerne-Attinghausen cable ,  the kilometric 
transmission efficiency being the same. 

Another cable which will be of considerable 
importance is the one which is about to be laid 
in the Simplon Tunnel . The telephone traffic 
from Western Switzerland to I taly has been 
carried over the l ines erected along the Rhone 
Valley and , until quite recently,  the circuits 
extending to I taly were accommodated in  the 
tunnel over a 7-pair Krarup cable which was 
laid in the railway tunnel and opened for 
traffic in 1905 . 

The telephone service requirements over this 
route have increased to such an extent that the 
Swiss and I talian Telegraph Administrations 
decided to install a new cable of a more modern 
type. The actual length of t his cable is 22 km. 
There are 20 pairs of 1 .0 mm. conductors, 
arranged for phantom working, side and phan
tom circuits all  being loaded , making a total 
of 30 circuits. 

Geographically,  one-half of the Simplon cable 
is to be laid on Swiss territory and for national 
reasons had to be made in Switzerland . The 
cable works at Cortaillod , affiliated with the 
I nternational Western Electric Company, were 
awarded the contract for the manufacture of 
this cable which is now u nder way. This Com
pany also made the Lucerne-Attinghausen and 
t he Zurich-Arth cables previously described , the 
loading coil equipment being supplied by the 
I nternational Western Electric Company. The 
I talian portion of the Simplon cable was man
ufactured by the Societa I taliana Reti Tele
phoniche I nterurbane. 

An interesting construction feature may be 
mentioned . I nstead of using multi-way ducts, 
the Swiss Administration employs a single-way 
duct on all the larger routes. This duct is 25 cm. 
in  diameter and accommodates several lightly 
armoured cables, which are drawn in  as required. 

In conclusion , it should be mentioned that 
in planning their long -distance cable circuits,  
the Swiss Administration has followed the most 
up-to-date practice of using small gauge con
ductors, loaded and in tended for operation with 
telephone repeaters. The programme is being 
carried out systematically and as rapidly as 
economic conditions warran t .  
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The Physical Characteristics of Audition and Dynamical 
Analysis of the External Ear 

By R. L. WEGEL 
Engineering Department, Western Electric Company 

1 .  Introduction. I t  h as become important in to a source and uniform sens1t1v1ty for sounds 
the design and development of telephone ap- approaching from different directions. The 
paratus and circuits to know qu antitatively abnormal auditory sense m ay be regarded as 
the v arious functional characteristics of the ear l acking more or less in (a) r ange of sensation 
since the ear is an important dynamical unit in (frequency and intensity) ; (b) quality of sen
the long series of vibration transmitting appa- sation in various regions of the r ange ; (c) the 
ratus constituting , a telephone system. A com- binaural sense. Apparatus and methods h ave 
plete analysis of this problem involves not only been developed by means of which the out
the properties of the physical circuit,  but also standing features of t hese functions can be 
the characteristics of the ear and voice and of measured and to a l imited extent compensated 
the air p assages between the mouth and trans- for. 
mitter and between the ear and receiver. I t  is 2. Minimum A udibility. Fig. 1 shows a plot 
the purpose of the present paper to discuss some of the logarithmic average of minimum audible 
of the characteristics of the ear and its outer pressure on 72 normal ears taken throughout a 
air passages. range of frequency from 60 to 4 ,000 cycles. 1  

M uch h as been learned about the normal ear Both the intensity and frequency scales are 
by the investigation of the ch aracteristics of logarithmic. Although all skew errors in the 
abnormal ears. This h as incidental ly h ad an determination of the average curve h ave not 
application to otological diagnosis and the been eliminated , an investigation h as shown 
design and building of amplifying apparatus for that they are so smal l  as not to affect the utility 
the deaf. of the curve for the purpose of measuring deaf-

This paper is a summary of the conclusions ness. Among the errors which obviously tend 
reached to d ate regarding the absolute sensi- to r aise this curve might be mentioned , noise 
tivity of normal and abnormal ears, the m axi- in the observing room, abnormality of hearing, 
mum sound to which the ear can accommodate l ack of attention , and low mentality of the ob
i tself, the much discussed points of " upper server. Care w as taken to reduce these errors 
and lower frequency limits of audition , "  the to a minimum without actually making separate 
" quality " of audition , a brief mention of the quantitative measurements of each of them on a 

binaural sense and the principles of rigorous rigorous statistical b asis. 
dynamical analysis of the ear as a mechanism. The statistical deviation from the mean varies 
A brief description of the apparatus used is also irregularly with frequency ; very l ikely this is due 
given . mostly to the external anatomical variations in  

The function of  the auditory sense is to  ears which cause deviations in  the  dynamical 
detect sound of various kinds and w ave sh apes constants of the transmission system from 
varying over a range of pressure on the ear sound source to the ear drum. The dotted 
drum of from about .001 to 1 ,000 dynes per cm.2 l ines following the curve of minimum audibili ty 
and over a considerable p art of this r ange to represent approximately the ' ' standard de
differentiate with certainty between complex viation." 
sounds so nearly alike that no existing physical 3 .  Maximum Audibility. The curve m arked 
apparatus can separate them. The binaural " M aximum audibility " represents the loga
feature adds a sense of orientation with respect rithmic average pressure on 48 normal ears re-

1 This curve has already been published : The Fre- quired to produce the sensation of feeling. This 
quency Sensit ivity of Normal Ears, by  II.  Fletcher and represents the threshold of feeling in the same 
R. L. Wegel, Proceedings of the National A cademy of 
Sciences, January, 1 922,  and Physical Review, J une, 1 922.  w ay that the minimum audibility curve repre-

Copyright, 1922,  by American Telephone and Telegraph Company. 
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sents the threshold of audition. A sound much 
louder than this is painful. The measurements 
were taken through a range of from 60 to 3 ,000 
cycles. The standard deviation l ines are also 

F'ig. 1 

500 

frequency is still further d ecreased to a point 
where the hearing and feeling l ines appear to 
intersect, i t  is difficult to distinguish between 
the sense of hearing and that of feeling. The low 

- - -
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given from which it will be seen th at this curve 
is quite as definite as th at of minimum audi
bility. While this point  of feeling probably h as 
no relation to the auditory sense i t  does serve as 
a practical l imit to the range of auditory sensa
tion. A few observations indicate th at people 
with abnormal ears h ave a point of feeling sound 
w hich is not greatly different from that of 
normal ears , but this, of course, depends on the 
type of abnormality. The intensity for feeling 
is about equal to th at required to excite the 
tactile nerves in the finger tips. 

4. Lower and Upper Frequency Limits of 
Hearing. The curves of minimum and m axi
mum audibili ty in Fig. 1 will be seen to h ave 
been extrapolated to the points of intersection 
at high and low frequencies. The feeling sensa
tion in the middle range of frequency is first a 
tickling sensation and then becomes acutely 
painful as the loudness is increased. As the 
frequency is  decreased the sensation of feeling 
becomes m ilder until  frequencies around 60 
cycles it i s  sensible as a flutter, but still quite 
different from the sense of audition. As the 

point of intersection of the two normal curves 
of minimum audibili ty and feeling sense may, 
therefore, be taken arbitrarily as the lower tone 
limit of audibility. For frequencies lower than 
this i t  is easier to feel than to hear the air vibra
tion . The poin t  of intersection cannot be d e· 
tennined by d irect observation due to the 
difficulty in d istinguishing between the two 
sensations. A similar intersection of the two 
curves occurs at some very high frequency. 
Sound waves of frequencies below the lower 
in tersection and above the upper intersection 
are more easily sensed by feeling. Sound waves 
be tween these l imits are more easily sensed by 
audition . 2  

This suggests a rational way of  defining and 
determining the two frequency l imits of audi
bility. M easurements of these limits which 
have been made in the past are questionable 
because the intensity factor has been neglected. 
At the lower l imit of audibility the excursions 

2 The extrapolation upward of the curve of minimum 
audibility is consistent with some recent observations 
of Mr. C. E. Laine at the University of Iowa, PhysUal 
Review, May, 1922. 
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of the diaphragm and ossicles of the middle ear 
are probably so large that the nerves feeding 
these movable parts are stimulated . This ob
servation at low frequencies as indicated in this 
work lends color to the hypothesis of otologists 
that abnormalities in the hearing of low fre
quencies are due to pathological conditions in 
the middle ear. This point is probably related 
to the tests on flexibility of the ear dru m  or 
ossicular chain due to the application of air 
pressure as observed by otologists in  examina
tion. Loss of sensitivity at low frequencies is 
considered an indication of obstructive deafness 
if there is no loss at high frequencies. 

5. Sensation A rea. From the combined stand
point of utility and logic the logarithmic rela
tion between stimulus (pressure variation) and 
sensation can be assumed. The elliptical area 
between the two curves may then be taken to 
represent an area of sensation which is charac
teristic of the normal ear. Any point within 
this area represents a definite auditory sensa-

•0000 Fig. 2 

Figs. 1 and 2 and corresponds in a way to the 
center of the field of vision. A normal listener 
tries, by keeping at a certain distance from a 
speaker, to bring this part of h is sensation area 
into play in the same way that when examining 
an object he directs his eyes so that i t  falls in 
the center of the field of vision . 

An abnormal ear may be regarded as having 
an area of sensation which is  smaller than the 
normal area but included within it .  Fig.  2 is a 
plot of the minimum audibil i ty of the right and 
left ears for a man (CHK) having a " catarrhal " 
deafness. The areas b�tween these curves of 
minimum audibility and the curve of feeling are 
his areas of sensation . I t  will be seen that 
CHK retains about 50 or 60 per cent of the 
normal amoun t  of sensation. He  hears and 
interprets conversation with some difficulty. 

Since the CHK curves pass through the speech 
region, part of i t  is entirely inaudible and the 
remainder is near minimum audibility for him.  
In  order to make him hear well ,  the speech area 
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tion in frequency and intensity. The area of 
sensat ion is analogous to the field of vision of 
the eye. The part of this area which is most 
uti lized in the interpretation of speech is repre
sentt.xl approximately by the shaded area in 

must be raised to a higher level of inte nsity or 
loudness as indicated by the dotted curve. 

In general i t  takes a loss of about 20 per cent 
of the sensation area to become noticeable and 
much more is disagreeable. A loss of 50 per 
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cen t requires the use of deaf apparatus. A loss 
of 75 per cent can be aided considerably by 
the use of high powered amplifying apparatus. 

6. Importance of Various Intensities -in Speech . 
I t  is interesting to speculate on how CHK 

region is  r aised into the diminished area i t  is 
impracticable to do so because of the p ai n  
which would b e  caused b y  the louder compo
nents. A diminution in sensation area can, 
therefore, be only parti ally compensated for. 
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interprets speech . I t  has been shown 3 that the 
intensity of speech may be varied over perhaps 
70-80 per cent of the range of sensation without 
serious loss of intelligibility to the normal ear. 
As the sound intensity is decreased , the in
telligibility drops very suddenly to zero at 
minimum audibility. A similar drop is to be 
expected at an intensity so loud as to be painful .  
I t  is evident,  therefore, that the range in  which 
speech is intelligible for CHK is very consider
ably l imited as compared to norm al . It is 
possible to design a deaf set which r aises the in
tensity of the princip al speech region to any 
desired place within the abnormal sensation area 
and so in a measure, compensate for this n ar
rowed range .  The region in Fig. 1 " Region of 
Lesser I mportance in Speech," corresponds to 
stimuli in conversation of lesser energy content ,  
such as  the  minor sh adings and fainter con
sonant sounds. While i t  is physically possible to 
produce an amplification of speech so th at this 

s H. Fletcher, Journal of the Franklin Institute, June, 
1 922. 

In case the area is extremely n arrow a deaf set 
furnishing optimum volume can only serve as an  
aid to l ip  reading. 

7 .  Quality of Hearing. The sensation of a 
normal ear at any point in the audi tory sense 
range (Fig.  1) m ay be described by a number of 
different adjectives, such for example as "clear ,"  
" musical , "  " even , "  " sustained ,"  " smooth , "  
" pure ,"  etc.  Such a description m ay, in f act, 
be taken as a reasonable indication th at the 
qual i ty of sensation at the point  in question i s  
normal .  Abnormal e ars sometimes experience a 
subjective degeneration of quality of pure stimuli 
which they describe as " rough , "  " harsh ,"  
" sharp ,"  " bu,,zzing ,"  " vibrating," " hissing," 
etc .  This subjective degeneration is i ndependent 
of any tinnitus or head noises which the p atient 
m ay h ave. Fig. 3 shows v arious regions of the 
sensation area which are degenerated in the 
case of C H K, left ear.  The sh aded area w as not 
explored . The boundaries of the degenerated 
regions are usu ally more sharply marked than 
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the outer bound aries of the sensation area. The 
sensations in these areas are so r adically d iffer
ent from t he sensation of a pure tone that it is 
with difficulty t h at the patient is convinced that 
the stimul ation is the same pure tone to which 
he h as been listening at the other intensities. 
The subject of these tests is a violinist and 
capable of better descriptions and finer distinc
tions th an average. 

Since all speech sounds may be considered as 
stimuli composed of various frequency compo
nen ts of certain intensities, the sensation caused 
by such a sound m ay be represented on this plot 
by points,  or by a line provided the sound has a 
band spectrum. If the points or line falls 
within the sensation area the sound is audible. 
It is easy to see that if the points or the part of 
the line which represent those frequency compo
nents most essential to interpretation 'of the 
sound , fall within any of these abnormal areas, 
the sound is very l ikely to be misinterpreted . 
This adds a further source of loss in intelligibility 
to that already observed due to a n arrowing of 
the sensation range .  When an amplifying deaf 
set is designed , due c are should be taken to r aise 
the principle speech region in such a way as to 
c ause a minimum overlapping with the abnormal 
areas. 

M any practically normal ears h ave very small 
abnormal areas. They h ave always been found 
near minimum audibility and if this is  always 
true would, therefore, h ave little influence on 
the hearing of the individual.  They seem to 
be associated with " catarrh al " conditions, 
atlhough this cannot be stated positively .  

8 .  Binaural Sense. The normal individual 
h as learned to interpret the differenti al sensa
tions of the two ears to advantage. I t  helps 
him to locate the direction from which sounds 
come, to h ave a sort of sense of orientation with 
respect to sounds approaching from different 
directions, and whether for physical or for 
purely psychological reasons to assist in focusing 
of the attent ion on one sound of a l arge number. 
Two ears also assist the individual in perceiving 
equally well sounds coming from different 
directions. 

When one ear becomes less sensitive, even 
though the loss is  small , the use of the binaural 
sense disappears and after a time is not missed , 
the subject depending upon other means of 

locating sounds. For the binaural sense to be 
most effectively utilized it is necessary that the 
ears be very nearly alike. When a binaural deaf 
set is m ade and fitted to a person with com
pensating sensitivity for the two ears so th at 
both hear sounds equ ally loud,  the sensation is 
usually so novel , that if the patient is actually 
able to experience a bin aural sensation he is very 
much pleased . Usu ally ,  however, he h as not 
used his binaural sense for so long a time that 
i t  takes a considerable amount of practice before 
he is able to h ave binaural  experiences. It may 
be noted in this connection that t he same ex
perience is encountered in fitting the eyes with 
glasses. It is found that people with two eyes 
which are slightly different do not see stereo
scopically, !mt if glasses are m ade so as to com
pensate and m ake the eyes nearly alike, it  
usually t akes a certain amount of practice 
before the sense of perspective can he brought 
back. 

APPENDIX 

9 .  Experimental Methods. I n  order to discuss 
the principles of e ar sensitivity measurement on  
a rigorous dynamical b asis i t  will perhaps be  
clearer to  describe briefly the experimental 
method used in producing known sound pressure 
in the ear can al at the various frequencies and 
intensities.4 

As a source of sound , a smal l  thermal receiver 
unit w as used . This consisted of about twenty 
very small loops of Wollaston wire contained i n  a 

brass c ase sm all enough to be inserted in the 
external ear canal and entirely stop it up. In 
the average ear a volume of about 1 cm.3 of air 
is included between it and the drum membrane. 
A direct heating current is p assed through the 
receiver and an alternating current of the de
sired frequency and intensity is superimposed 
to modulate i ts temperature. This modulation 
in temperature causes al tern ate expansion and 
contraction of a very thin film of air covering 
i ts surface and so produces alternations in 
pressure in the ear canal of the frequency of the 
impressed alternating current. The intensity 
is proportional to this alternating current if it 
is maintained sm all compared with the direct 
current. This arrangement permits of producing 

4 For further details, see " The Frequency Sensitivity of 
:Normal Ears," H. Fletcher and R.  L. Wege!, Physical Review, June, 1 9 2 2 .  
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altern ating or sound pressure on the ear drum 
with a comparatively simple dynamical rel ation 
between the source of sound and the ear drum . 
The thermal receiver is also dynamically one of 
the simplest sources of sound known. 

The sound or alternating pressure w as de
termined by calibration . This w as done by 
inserting the thermal receiver in an air cavity of 
1 cm.3 volume in front of a condenser trans
mit ter diaphragm by which the al ternating 
pressure developed by a given current in the 
receiver could be measured .5 By measurement 
of the current for minimum audibility or "maxi
mum audibility" or for any other intensity the 
pressure in the ear canal is determined . 

1 0. Dynamical Principles of Ear Measure
ments. From a dynamical s tandpoint  the phrase 
" sensitivity of the ear " as i t  is usually used is 
r ather indefinite. When a figure is given in ergs 
per second , the rate  of flow of energy through an 
area equal to t h at of the e ar opening in an un
obstructed w ave, is commonly meant .  This h as 
no simple relation , theoretically at any r ate ,  to  
the ne t  rate  of  flow of  energy in to the ear when 
the head is placed as an obstruction to the wave. 
The distortion of the sound field by the head 
varies greatly with frequency. Simi larly, there 
is no simple relation between the energy flowing 
into the ear and that transmitted to and absorbed 
by the ear drum or by the cochlea. I n  the ex
periments recorded above, attention was paid 
to the experiment al set-up so as to make the 
figures given have a more definite dynamical 
significance .  Sensitivity i s  given in terms of t h e  
altern ating (root mean square) pressure to pro
d uce a minimum audible sensat ion . The term 
" pressure " h as so far been used in a rather 
loose sense . J ust why this is so will be seen 
from the following argument .  

The simplest method of describing the con
stan t:o of a mech anical system is in terms of the 
components of  i ts  mechanical imped ance and 
their relative dispo:;itions in the same way that 
an electrical circuit i:o described by giving its 
resistance, inductance and capacity and the w ay 
in which they are connected . I n  a linear system 
h aving a single degree of freedom, the imped ance 
may in general be wri tten in the form 

Z = r + wjm + s/jw. 
5 For the method of calibration of the condenser trans

mitter, see article by H. D. Arnold and I. 13.  Crandall 
Physical Review, July,  1 9 1 7 . 

' 

The symbols are as follows ; 

j = V'-=-1, 
w = 27r t imes the frequency, 

r = frictional resistance to motion , with 
respect to a stationary body and in
volves dissipation of energy a t  a r ate  
of  x2r where x is the root mean squ are 
value of the relative velocity .  The 
velocity x will be assumed simply sinu
soidal in what follows, 

m mass or inertia const an t  involving an 
average storage kinetic energy of 
x2m through one cycle, 

s = s tiffness constant involving an aver age 
storage of potent ial energy through one 
cycle of x2s/w2• 

If the r. m. s. alternating force act ing 1s F, 
the motion at any frequency is given by 

x = F/Z. 

I n  analyzing a system in which the  constants 
may be considered as " lumped,"  t h at is in 
which , for the purpose of practical solu tion, a 
finite number of degrees of freedom may be 
assumed , the method is to find the most useful 
way of " lumping " these const ants.  The 
motions are then represented by a series of 
equ ations, one for each degree of freedom, be
tween the forces acting and the  imped ances and 
velocities. The determin ant of the  coefficients 
of these equ ations is the Lagrange determinan t  
of the ;;ystem . The only caution t o  be observed 
in lumping the constant;; is that the reciprocal 
rel ation , which is a property of any l inear 
system holds also for the physical system which 
the assumed Lagrange determinant is supposed 
to repre;;ent .  

The method may be illustrated by the follow
ing application to the sensit iv i ty measurements 
described above. 

The dyn amical system used in  calibration with 
the  condenser transmitter consists of t hree p arts ; 

(a) The very thin pulsating air film over the 
thermal receiver fi laments .  The expansion of 
air around the wires is represented by the 
" diffusion " equ ation , the solut ion of which 
in such a case of cylindrical symmetry is given 
as a Bessel's function of the distance from the 
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wire.6 This wave is so quickly damped in 
travelling away from the wire as to be negligible 
beyond the first zero point of the Bessel 's func
tion . The vibrating system of this receiver may 
then be considered as a cushion of air next to the 
wire of a thickness a little less th an the first half 
wave length of the heat wave. The thickness 
of this cushion is an inverse function of the 
frequency. 

(b) The air ch amber between the thermal 
receiver and condenser transmitter d i aphragm 
h aving a volume of 1 cm.3 and enclosed by 
practically unyielding walls with no openings. 

(c) The condenser transmitter d i aphragm, 
being stretched very tightly and air damped. 
It may also be regarded as unyielding, or as 
having an imped ance very high compared to 
that of the connecting air chamber. 

If for simplicity the mass reaction and internal 
losses in the air chamber m ay be neglected , i t  
may be  seen that the moving system of  the 
receiver may be regarded as a weightless and 
frictionless " d iaphragm " surrounding the wires 
at a distance equal to the effective thickness of 
the active air film and m ay be shown to h ave 
an intrinsic stiffness reactance of : 

Z1 = � = 'Y�oa12
. JW JWV1 

In this expression , 'Y is the adiabatic constant 
of air, Po the atmospheric pressure, a1 the area 
of the fictitious d i aphragm, and v1 the volume 
of air in the film.  This diaphragm is loaded 
externally by the air chamber, when the trans
mitter diaphragm is prevented from moving, 
by a stiffness reactance of 

M' = S1 = 'YPoa12, 
1 jw jwv 

i n  which v is the volume of the air chamber
Similarly, the load of the air chamber on the 
transmitter d iaphragm, whose area is a2, is 

Mf = �2 = 'Y�oa22. 
JW JWV. 

The air chamber also acts as a mutual im
pedance between the thermal unit and the 
transmitter diaphragm equal to 

Mfo = �1 2  = 'YP.oa1a2. 
JW JWV 

I f ,  further, the intrinsic imped ance of the trans-

6 See Wente, Physical Reuie:v, A;Jril, 1 9 2 2 .  

mitter di aphragm, which may be any function 
of frequency, be denoted by Z2, the equations 
of motion of the system may be written 

F = (Z 1 + M{) xi - M12 x2, 
0 = - Miz x1 + (Z2 + M2) i 2. 

In these equations, F is the force acting on the 
therm al receiver " diaphragm " due to alter
nating current, X1 the velocity of its motion 
and x2, the velocity of motion of the condenser 
transmitter diaphragm. 

A rough calculation shows that v1 is very 
small compared with v, so that 51 may be 
neglected compared to s1 and that the reaction 
M12 X2 may be neglected. The an alysis of the 
condenser transmitter shows Z2 to be very large 
compared to Nf2. These equations may then 
be rewritten 

F = Z1 xi ,  
M12 xi = Z2 x2 .  ( 1) 

The equations of motion, when the receiver 
is inserted in the ear, may be derived in a similar 
way. In this case, although the volume of air 
between the receiver and ear drum is the same 
as before, the walls may yield appreciably ,  
particularly i n  some frequency ranges. The 
mutual impedance between the receiver and e ar 
drum, is, therefore , not necessarily a simple 
stiffness reactance. Also the loads due to it  on 
the thermal receiver and ear drum, which in 
this case takes the place of the transmitter 
diaphragm, are not simple stiffness reactances. 
The constants in the case of the ear system 
will be denoted by the same letters as those 
used in the calibration , but with the primes 
dropped, with the exception th at the intrinsic 
impedance of the ear d rum is denoted by D. 
D includes the reactions of the ossicles of the 
middle ear and the cochlea and is probably a 
complicated function of frequency. If, as m ay 
be expected , nature's design is efficient, then D 
must be of the same general order of magni-

. tude as the load on the ear drum, M12, of the 
ear canal .  This probably constitutes the l argest 
difference between the calibration and the ob
servational systems. Strictly, of course, the 
condition for m aximum power absorption by the 
ear drum from the air is that D be the conjugate 
of the imped ance of the load on it due to the 
unobstructed ear canal .  This cond ition is not 
obtained in nature because of such requiremen ts 
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placed on the design as protection from injury, 
e tc. 

In  the c ase of the ear,  M1 m ay again be 
neglected, compared to Z1 , and the reactance, 
M12X2 m ay be neglected . Then 

F = Z1 x 1 ,  
0 = - M12 .X1 + (D + M2) .X2, (2) 

where X2 represen ts the velocity of motion of 
the ear (hum .  Sui table variations with fre
quency are implied in each of the " constants " 
of this system. 

We are now in a position to see j ust what 
h as been measured and cal led , for the sake of 
brevity or w ant  of a better n ame, " minimum 
audible pressure " in the first part of this paper. 

Let X1 now represent the velocity of the re
ceiver diaphragm in both systems corresponding 
to that necessary to obtain a minimum audible 
sensation in the e ar,  and F the corresponding 
force. Then X2 will be the velocity of the ear 
drum corresponding to minimum audibility in  
equation (2) . I n  the calibration, the pressure 
P' on the condenser transmitter d iaphragm cor
responds to X1 .  The total force acting on this 
d iaphragm is p'a' where now a' designates its 
area. Since this force is relieved by the motion 
of the diaphragm, it is  seen from equat ion ( 1 )  
t o  b e  equal to 

(3) 

Similarly if the actual pressure on the ear 
d rum is p, and its effective area, a, the total 
force on the ear drum pa = D x2• Combining 
equations {2) and (3) gives 

p' = � M' (M2 ± 2 + ) 
a' M a 

p ' (4) 

or 

p = P
' M a' 

M' a a (5) 

The pressure p is the actual pressure on the 
ear drum.  The pressure p' is that measured 
and plotted in the d iagram. I f  the walls  of the 
ear canal and the ear drum were unyielding, 
P and P' would be identical for then NI = M' 
and M2xda would vanish . I f  the yield of the 
ear canal walls were such as to relieve h alf the 
pressure in the canal and that of the ear drum 
about the same, the difference would be con
siderably less th an one of the divisions, in the 
di agrams, on the intensi ty  scale. If the drum 
impedance D should be found to be negligible 
compared to i ts load M2 the difference would be 
considerable .  This, however,  is h ardly to be 
expected even through n arrow r anges of fre
quency. If the imped ances in the formul as 
were measured the energy flow into the e ar drum 
could be computed . 

I n  conclusion,  the present status of the e ar 
problem m ay be summarized . The philosophy 
of external ear dynamics h as been touched on 
but there still rem ain difficult  problems both 
theoretical and experimental .  A start h as been 
m ade on a sound b asis in the explanation of the 
action of the cochlea by Roaf, " Analysis of 
Sound Waves by the Cochlea,"  Philosophical 
Magazine, February, 1 922. Nothing depend
able h as as yet been published on the action 
of the middle ear for audio frequencies. I t  is 
usu al ly assumed that the v arious parts undergo 
relative displacements at audio frequencies in 
the same w ay as they react to static forces 
but this is very l ikely far from the truth . 
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The Binaural Location of Complex Sounds 
By R. V. L. HARTI�EY and THORNTON C. FRY, Ph.D. 

Engineering Department, Western Electric Company 

(NOTE: },fuck has been written on the subject of the 
binaural location of pure tones but the case of complex sounds 
has received little attention in recent literature. The purpose 
of the present paper is to bring the discussion of complex 
sounds abreast of that relating to pure tones. Those who 
wish to acquaint themselves with the work on pure tones will be 
·interested in reading the theoretical work of the authors and 
the experimental studies carried out by G. W. Stewart and 
students working under h is direction. This work has been 
reported in various papers, most of which have appeared 
4uring recent years in the " Physical Review" and the " Physi
kalische Zeitschrift."-EDITOR.) 

THE need of determining the location of 
enemy submarines and aeroplanes dur
ing the war brought into use practical 

tnethods for locating a sound source which de
pend upon differences between the sound waves 
reaching th� two ears. This stimulated a general 
study of the phenomena involved in binaural 
sound location. The foundation for this study 
had already been laid in the work of Lord Ray
l eigh and others, who, following more or less in 
his footsteps,  had accumulated a considerable 
amount of information of both theoretical and 
experimental sorts. Of this information almost 
all that was of a theoretical n ature and a con
siderable portion of the experiment al kind deal t  
only with the location of pure tones, the more 
complicated and in some respects more im
portant problem of complex sounds being almost 
entirely neglected. Such advances as were 
tnade in the theoretical aspects of the problem 
during the w ar were subject to the same re
striction so that even to-day no comprehensive 
theory has been advanced which adequately 
covers the problem of the location of such sounds 
as occur in every-day life, and in  the practical 
applications of bin aural methods. However, 
the results obtained with pure tones can be 
made to throw considerable light upon the 
problem , and i t  is primarily from this stand
point that the following discussion is written . 

It may be well at the outset to review some of 
the outstanding differences between the ob
served phenomena i n  the two cases. The ac
curacy of location is much less for pure tones, as 
is also the sense of definiteness of the sound 
image. The location of pure tones is almost 
wholly binaural as is evidenced by the inability 

of persons deaf in one ear to locate such a tone. 
With complex sounds not only is the location 
by binaural effects more accurate and definite,  
but also the observer is not dependent on these 
alone. Persons who are deaf in one e ar c an 
locate familiar complex sounds almost as well as 
those with normal hearing. 

Practically all theories of sound location start 
from the assumption that the listener subcon
sciously observes certain sound ch aracteristics 
which depend upon the position of the source 
and forms a judgment  of where the source must 
be by comparing these ch aracteristics with 
information which he h as stored up as a result of 
his past experience with c ases in which the 
position of the source w as known. In  order to 
fix the position of the source he must assign to i t  
three coordinates such as i t s  distance and some 
two angles which define its d irection. To do 
this he must be able to observe at least three 
independent properties of the sound which are 
functions of the position of the source. I f  
fewer than t hree are avail able some difficulty i n  
location is certain to arise. I f  more than three 
are avail able there is the possibility of a number 
of simultaneous independent determin ations of 
the three coordinates. 

If the sounds of every-d ay life were never 
distorted in transmission all of these determin a
tions would yield the same set of coordinates 
and the only advant age which the listener would 
gain from the addi tional information available 
would lie in the fact that some one set might 
be peculi arly sensitive to  slight differences in 
the position of the source, and therefore might 
lead to i ncreased certainty on the part of the 
observer. Owing to reflection from the w alls of 
buildings and the l ike ,  the sounds of every-day 
life seldom arrive undistorted, so that the ob
server must always be somewhat uncert ain as 
to  whether or not the coordinates of the sound 
source are actually those which he deduces from 
the properties of the sound wave as it reaches 
his ears. I f  enough properties are available to 
permit him to m ake two independent de
terminations he m ay use one of them to check 
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the other, and if they agree he is j ustified in a 
feeling of increased certainty as to the accur acy 
of his j udgment. The more independent de
termin ations he can make the more checks he 
will be able to apply and consequently the more 
confident he will be . 1  

I t  should not be  inferred , however, that i t  is 
only the sounds of the street which reach the 
observer in a distorted form . I n  a great many 
l aboratory experiments the ch aracteristics of 
the sounds have been inconsistent, and in some 
c ases they h ave not even corresponded to any 
actual source whatever. Under these circum
stances, if an image is formed at all ,  some purely 
psychological factors must enter in. For pure 
tones it h as been found possible to explain 
much of the experimental d ata obtained under 
circumstances such as this by assuming that 
the observer subconsciously j udges one or more 
of the characteristics to be in error and applies 
such corrections as will m ake all of the data 
corresponds to an actual source. As a criterion 
for determining which characteristics will be 
altered , it is assumed that, in general ,  those are 
chosen which require the smallest changes. 

Let us now consider what characteristics are 
available for locating sounds of different kinds. 
A pure tone from a source at rest with respect 
to the observer h as at any point only two physical 
ch aracteristics which are subject to change with 

. the position of the source. They are its ampli
tude and phase. Corresponding to each position 
of the source there is a particul ar amplitude and 
phase at e ach of the two e ars so th at a total of 
four properties-the loudness of the sound , the 
average phase, the difference in amplitude 
(which may conveniently be expressed as a 
ratio) and the difference in phase at the two 
ears-are available for determining the position 
of the source. I t  is  inconceivable that the 
average phase can have anything to do with 
the location of the sound since it may be changed 

1 It is interesting to note in this connection that i t  is not 
surprising that an observer locates a complex tone with 
much greater certainty than a pure tone whfm we con
sider how rapidly the number of independent sets of data 
increases with increase in complexity of sound. We have 
already said that three independent properties are needed 
for the determination of the three coordinates of the 
source. Hence if only three are available, only one de
termination can be made and no checks are possible. On 
the other hand , if four are available, four groups of three 
each can be formed and therefore four separate determina
tions can be made. Similarly, 10 determinations can be 
made from 5 properties, 20 from 6, and 1 20 from 1 0. 

at will without altering the position of the 
source. The same remark applies to the loud
ness of the sound except in those instances 
where the observer is familiar with the source to· 
such an extent as to know how loud i t  may be 
expected to be. Hence, i f  we restrict ourselves 
to the cases in which prejudicial information of 
this sort does not exist, we fi nd that the ob
server has only two quantities from which he 
may deduce the position of the source. We 
should therefore expect that these two quan
tities would make it possible to locate the tone 
with respect to two coordinates only. This is 
found to be in general agreement with experi
ment, for most observers locate all sources of 
pure tones in the same horizontal plane with 
their heads and determine only the distance 
and angular departure from the median plane. 
If the source is more than a few yards away the 
intensity ratio and phase difference change 
very slowly with distance so that in this case 
even the sense of distance is not keen and a 

feeling of certainty exists with respect to the 
direction only. 

In many experiments the tones at  the two 
ears have been varied arbitrarily so as to give 
combinations having equal phases and unequal 
intensities or vice versa-combinations which 
cannot arise from actual physical sources in the 
absence of distortion . Under these conditions 
the observer generally corrects one to a value 
consistent with the other except in extreme 
cases where the correction required for this 
purpose would be inordinately large. When 
this occurs he may either assume both to be 
correct and form two images-one based on the 
phase difference together with a mentally sup
plied intensity ratio consistent with it, and the 
other similarly derived from the observed in
tensity ratio-or he may fail to have a sense of 
location at all . 

Before considering the available character
istics of complex sounds in general let us confine 
our attention for a time to those which are 
made up of a limited number of sustained pure 
tones such as an organ note with its series of 
overtones, or a group of tuning forks. Here the 
number of characteristics increases rapidly with 
the number of component tones. For each 
component tone there are two quanti ties : 
intensity ratio and phase difference. In addi
tion , at either ear alone the relative intensities 

l 
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of any two of the tones changes with the posi
tion of the source, owing to the diffraction of 
the sound waves around the head being different 
for different frequencies. There are therefore 
as many of these observable intensity ratios as 
there are pairs of components. Similarly, for 
any two tones whose frequencies are commensur
able,  the relative phases of the two at the same 
ear depend upon the position of the source. 

Not all of these characteristics are capable of 
contributing to binaural as distinct from mo
naural location . In fact, only the phase differ
ences and intensity ratios of the separate com
ponents are binaural . A man who is deaf in 
one ear has available all of t he relations be
tween the intensities and phases of the various 
components at his normal ear. That these re
lations do actually contribute to sound location 
is supported by experimental evidence. Myers 2 

found that, after familiarizing himself with a 
complex sound , a blindfolded observer could 
locate its position with considerable accuracy, 
even when it was moved about in the median 
plane, but that his accuracy could be destroyed 
by varying the relative intensities of the com
ponents.3 It is not surprising, then , that for 
complex sounds t he accuracy is about the same 
whether the location is binaural or monaural . 4  
The observed failure of monaural location in 
the case of a pure tone follows directly from 
the absence of other frequencies with which the 
pure tone may be compared . 

As we are here concerned wi t h  binaural 
phenomena we shall confine our a ttention to the 
relative phases and intensities at the two ears. 
The question at once arises : does the observer 
actually hear the different tones separately, and 
if so, does he assign a location to each separ
ately? 

To what extent the listener locates each 
component separately depends upon the ease 
with which the tones can be distinguished . 

2 C. S. M yerb, Proc. Royal Sue . ,  1914 ,  B 88,:2 67 . 
3 l t  should be noticed that this effect must have been 

purely psychological since it could be produced without 
moving the source at all .  I t  therefore lends plausibility 
to the assumption upon which our t heory is based : that 
when discordant or unusual stimuli are experienced, a 
mental readjustment of the stimuli is made in order to 
rende: them more nearly consistent with every-day 
expenence. 

4 As shown by the experiments of Angell and Fite upon 
persons deaf in one ear. PsJ,chol. Rev. ,  vol. 8, pp. 22 5-246, 
1911. . 

The experiments which bear most d irectly upon 
this point are those in which the component 
tones at the two ears are arbitrarily adjusted 
to give values of phase difference corresponding 
to different locations. This is done under condi
tions where the location of each component 
separately i.s largely determined by the phase 
difference. More5 experimented with two tones, 
transmitting them to the ears through tubes of 
adjustable lengths. This permitted him to 
change the phase difference at the two ears while 
keeping the intensities substantially equal. He 
observed the apparent location for various 
set tings when each tone was applied by i tself 
and when both were applied together, using 
forks of 256 and 320 cycles. With the paths 
equal the tones combined into a chord located 
in the median plane and the separate com
ponents could not be heard . Wi th a setting for 
which the two components separately appeared 
on opposite sides of the head, one component 
was heard distinctly by the right ear only on 
the right side, and the other by the left ear only 
on the left side. At the same t ime the chord 
was heard rather indistinctly near the median 
plane but tending slightly toward the side of 
the lower tone. 

Apparently the observer does not consciously 
separate the chord into i ts components unless 
he is forced to do so by some inordinate dis
crepancy between the positions of the images 
formed from them . There is no evidence in 
the case of equal paths to show that he did or 
did not subconsciously locate the separate 
components and find them to be in agreement. 
In view of the second experiment i t  seems prob
able that he did.  In this latter experiment he 
obviously found that the two components cor
responded to differen t locations and assigned 
different sources to each . At the same time his 
experience told him that  tones which would com
bine to form a musical sound generally have a 
common source. Hence he may have concluded 
subconsciously that the sound waves had 
probably been distorted in  coming from a 
common source and so he corrected his observa
tions on both tones to make them consistent 
and arrived at an image of the chord between 
the other two. 

Similar results were obtained with forks of 
256 and 384 cycles per second, except that  m 

• Louis T. More : Phil. Mag. XVI I I ,  1 90J, p. 308. 
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general the lower tone was completely blotted 
out. The higher tone was usually quite dis
tinct and defini tely located. The i mage of the 
chord was nearer to the image formed when the 
higher component was sounded by i tself than 
to the image formed from the lower one alone. 
With settings for which the directions of the 
tones separately were the same, whether right ,  
left, or  middle,  the  upper tone d isappeared 
leaving only the chord . In experiments with 
forks of 256 and 512 cycles it was difficult  to 
distinguish the separate notes. With settings 
for which the two separately were on opposite 
sides the combination was on the side of the 
lower fork. This can be interpreted as meaning 
that the octave relationship is inherently diffi
cult to resolve, or else that tones an octave 
apart so generally come from a common source 
that the observer was unwilling to make any 
other assumption . 

Although the explanation of these results is 
not yet thoroughly understood, they show very 
definitely that  in locating complex sounds 
made up of pure tones the observer does within 
limits locate the components separately. I f  
they agree, a single image i s  formed ; i f  they d o  
not, he may either locate the tones separately 
or form a single compromise image or do both . 

I t  is in this way that the theory developed 
for pure tones is applied to complex sounds 
made up of pure tones. The next step is to 
extend it so as to include complex sounds in 
general .  To do this we must picture the ob
server as resolving each sound into sinusoidal 
components locating the components separately 
and forming one or more images based on a 
combination of the apparent sources as indi
cated by the separate components. While it is 
fairly easy to effect such a resolution mathe
matically it is somewhat less easy to. interpret 
the result  in a manner satisfactory to our in
tuitive conceptions of the phenomena involved ; 
also, granted the theoreticql possibility of the 
resolution , there remains the question of what 
physical or psychological limitations there may 
be to its application. 

I n  view of the fact that a really pure com
ponent tone has no beginning or end, and no 
fluctuations in i ts amplitude, it is not at once 
apparent how a single discrete sound such as 
the bark of a dog can be resolved into com
ponents of that nature. However, if enough 

components are available it has been estab
lished beyond question that by properly choosing 
their frequencies, amplitudes, and phases, a 
combination may be arrived at in which the 
algebraic sum of all the components is zero for 
.all instants before and after the period occupied 
by the sound and equal to the instantaneous 
value of the sound wave for instants within 
that period. This combination is known to 
m athematicians as the Fourier Integral cor
responding to the w ave, and the formula for the 
phase and amplitude of each component sinu
soid is known. It is an extension of the well
known Fourier series expansion used for re
solving sustained periodic disturbances. 

The physical interpretation of this integral 
may be facilitated by reviewing the steps in 
i ts evolution from the Fourier series. It is 
well known that if the sound in question were 
repeated at regular intervals the resulting 
periodic wave could be resolved by Fourier 
analysis into a series of sinusoidal components, 
the frequencies of all of which are integral 
multiples of the frequency of repetition of the 
sound .  Successive components therefore differ 
in frequency by an amount equal to this fre
quency of repetition. Now it is not essential 
that the repetitions of the sound follow e ach 
other immediately. Instead, they may be sep
arated by intervals of silence. The effect of 
such silent intervals is to reduce the frequency 
of repetition and therefore also the funda
mental frequency. As a result the component 
frequencies are brought closer together and the 
number within any particular frequency range is 
increased. 

Suppose now that the interval between repeti
tions is indefinitely increased. As this is done 
the effect of any one occurrence of the sound 
becomes more and more independent of the 
others, and in the limit when the sounds next 
preceding and next following the one under 
consideration are infinitely far removed, we h ave 
the c ase of a discrete sound. As this l imiting 
c ase is approached the fundamental frequency 
becomes smaller and smaller and the component 
frequencies, which are multiples of it ,  are sep
arated by infinitesimal frequency differences. 
While the amplitude of e ach component also 
decreases, the number of components increases 
at such a rate that the aggregate energy of all 
the components within a given frequency range 
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remains finite. In this way ,  the distribution 
of the sound energy over various frequencies
that is, the " energy spectrum "-can be 
obtained. 

It is evident, then , that when an aperiodic 
complex sound is resolved m athematically there 
results an infinity of component tones, each 
having a characteristic intensity and ph ase. 
If an observer were capable of an equ ally 
complete resolution he would h ave at his dis 
posal an infinity of sets of d at a  from which an 
infinity of images could be formed. I n  the 
absence of distortion these should all coincide. 

Practically, of course, no such refinement of 
resolution is possible. The ability to dis
tinguish differences in pitch varies from person 
to person , but the minimum intervals employed 
in musical composition probably give a rough 
measure of the normal resolving power of the 
ear. Even with this limitation the broad sound 
spectrum ,  such as an irregular sound produces, 
is capable of yielding a very l arge number of 
separable components ; and hence a l arge num
ber of individual im ages. I t  is this fact-that 
with a very complex sound the number of 
independent determinations of the image is 
limited only by the resolving power of the ob
server-which m akes his accuracy of binaural 
location as well as his sense of certainty much 
greater for such sounds than for pure tones. 

So long as the im ages of all the components 
coincide, it is of l ittle importance how fine the 
resolution is, for further refinement only serves 
to increase the sense of certainty by adding to 
the volume of accordant evidence. However, 
when the images are not in agreement the prob
lem is more complicated and the degree of reso
lution becomes import ant. Here also purely 
physical considerations cease to be adequate 
and psychological factors mu�t be considered 
simi lar to those involved in the location of a 
pure tone for which the intensity ratio and 
phase of difference do not correspond to any 
actual source. When an observer is faced with 
discordant results he must make some sub
conscious judgment. For sm all discrepancies 
such as occur in every-day experience, he prob
ably assumes those images which depart most 
from the rest to be misplaced because of d is
tortion during transmission and so either cor
rects or ignores them. I f  the discrepancies are 
large he m ay find it difficult on the ground of 

expenence to believe that so much distortion 
could occur. In such an event he will most 
l ikely form several im ages from different com
ponents or in extreme cases lose the sense of 
location al together. 

Bowlker found separate im ages to occur 
experimentally both for b and music,  which 
approaches a collection of tones and for the 
irregular barking of dogs. He placed tubes of 
unequal length to h is two ears thereby upsetting 
the normal diffraction around the head and 
interposing a longer path on one side than on 
the other. Obviously ,  the distortion produced 
in this manner is of a type not likely to be met 
in every-day life and affects different frequencies 
in widely different fashions. He reports that 
when listening to " a  band of three or four 
instruments pl ayed in the open-the notes will 
be found to be scattered over a wide range, 
most being to the side of the short tube, some 
being in front and some being to the side of the 
long tube. In listening with such a pair of 
tubes to two dogs furiously b arking the effect is 
at first quite alarming-one seems to be in the 
middle of a pack of dogs some of which are 
rushing viciously at one's throat. "  

An illustration of failure to form any image 
is found in a phenomenon observed in the use 
of binaural compensators for detc r.nining the 
direction of subm arine sounds. The sound is 
picked up by two submarine telephone trans
mitters and led to the ears through independent 
paths. By adjusting the lengths of the paths 
the im age can be shifted from side to side and 
for practical purposes the setting of the in
strument is m ade by bringing the image exactly 
to the middle. A fairly definite sound image is 
formed , but observers report that part of the 
sound does not merge into this sound image 
and move in  response to the adj ustment ,  but 
instead appears as a diffuse background of 
noise.6 This m ay be explained on the assump
tion that ,  while the images formed from most 
of the sound components agree sufficiently well 
th at the observer corrects them to a single posi
tion , certain components are so distorted by 
reson ance effects inherent in the apparatus that 
their images are scattered more or less at r an
dom. The l ack of agreement among any con-

6 This interesting phenomenon was called to our atten
tion by Mr. Richard D.  Fay of the Submarine Signaling 
Corporation who tells us that it  has been noted by a large 
number of observers. 
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siderable number of these prevents the forma
tion of a second image and causes the sense of 
diffusedness. 

As the distortion becomes still more extreme 
we should expect the experimental results to 
depend rnore and more upon the observer's 
power of resolution , for as the distortion is 
progressively increased a condition must finally 
be reached where the positions of the images 
are appreciably different for two components 
whose frequencies are so nearly alike as to make 
their recognition as separate tones difficult if not 
impossible. This condition actually occurred 
in an experiment of B aley's with a sound con
sisting of a mixture of sustained tones. I ts 
effect on the listener is interesting from the 
standpoint of subconscious readjustment of 
discordant d ata. 

Baley's7 experiment consisted in applying a 
number of sustained tones to one ear of a 
muscially trained observer and a number of 
different tones to the other ear, and testing his 
ability to assign them to their proper sides. So 
long as the intervals between the tones were 
fairly l arge , the observer never failed to locate 
them correctly . Considering the entire stimulus 
as a complex sound we may think of the observer 
as locating the tones individually and finding 
them to fall definitely into two groups whose 
images are located one at each ear .  However, 
when he used six tones which were separated 
from each other by a single tone interval , the 
separate components could not be distinguished 
and a painful sensation was produced . The ob
server was apparently faced with the situation 
th at to make the observed intensity r atios and 
phase differences correspond to a single source 

1 Stephan Baley : Zeit. f. Phychol. u. Physiol . ,  v. 70, 1 9 14, 
p. 347 . 

would involve extremely l arge corrections in the 
observed d ata. On the other h and , his power 
of tone resolution w as insufficient to separate 
the components and assign them to different 
sources. It is not surprising, then,  th at the 
difficulty manifested itself by painful sensa
tions. While this illustration is taken fro� an 
extreme condition of l aboratory experiment 
and m ay appear to h ave little bearing on the 
every-day location of sounds, it is really sig
nificant because of the manner in which i t  
i llustrates the importance of psychological factors 
in all cases in which the sound waves are dis
torted . 

RESUME 
In the foregoing discussion an attempt has 

been made to bring out the main features in
volved in extending the theory of the binaural 
location of pure tones to cover, qualitatively 
at least, the location of complex sounds. I t  has 
virtually been assumed that the latter involves 
three processes : first, the resolution of the 
sound into its component tones ; second , the 
independent ( generally subconscious) location 
of each separate component ;  and third , the 
formation of a conscious j udgment of the posi
tion of the source based on the locations of the 
individual images. The greatly increased amount 
of data available when the sound is complex 
has quite different effects on the final resu l t  
according as  the different images do or  do  not 
coincide. If they do,  the accuracy of location 
and the sense of certainty are increased . I f  
they d o  not, confusion arises, subconscious 
corrections are called for, and the final result is  
l ikely to depend very considerably on the 
psychological processes and individual prej udices 
of the particular observer. 
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A Low Voltage Cathode Ray Oscillograph 1 

By J. B. JOHNSON, Ph.D. 
Engineering Department, Westfrn Electric Company 

ACATH

. 

ODE ray oscillograph tube oper
a ting a t  a comparatively low voltage 
was described by the writer some time 

ago before the American Physical Society.2 Since 
then, the tube has been further improved and its 
operation studied so that  now both the structure 
of the tube and the principles which have made 
the construction possible can be described in 
greater detail . 

In the older types of Braun tubes the electron 
stream is produced by a high vol tage discharge 
through the residual gas i n  the tube. This re
quires a source of steady potential of from 
10 ,000 to 50,000 vol ts, an installation which is 
expensive, non-portable ,  and dangerous. In the 
new type of t ube the low vol tage operation has 
been obtained by the use of a Wehnel t ca thode 
as the source of electrons, so that  the lower 
limit  of voltage is set by the effect of the electrons 
on the fluorescent screen and not  by the volt age 
needed to obtain the electrons. At 300 vol ts 
the electrons produce qui te brigh t fluorescence 
on the screen and the tubes are therefore de
signed to operate at 300 to 400 volts. 

The external appearance of the tube is shown 
in Fig. 1. The electrodes are located at one end 
of the pear-shaped bulb,  and the fluorescen t 
material is deposited on the inside of the larger, 
flattened end . The tube is provided with a 
base which fi ts into a bayonet socket such as is 
used for vacuum tubes, and all the connections 
are made through the base. There are two 
orthogonal pairs of deflector pla tes inside the 
tube for electrostatic deflection, while magnetic 
deflection is produced by applying a field from 
the outside. 

The internal structure differs considerably 
from that of previous forms of Braun tube and 
i t  will therefore be described somewha t  ful ly.  

T1rn Focus1 N t; 

In  some forms of Braun tube a sharp spot has 
been secured by using a very high vol tage, and 

1 Also published in the Journal of the Optical Society of 
A merica and Review of Scientific Instruments, September, 
1922. 

z Phys. Rev. (2), Vol. 17, p .  420, 192 1 .  
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therefore high electron velocity, so that  after 
the electrons have passed through one or two 

F1Gt:liE 1 

fine apertures to make the beam parallel there is 
not time enough for the mutual repulsion to 
spread the beam again appreciably before the 
electrons strike the screen . With other tubes 
an external " striction " coil has been used which 
main t ains a strong longi tudinal magnetic field 
in the region between the anode and the cathode 
and which brings the electrons to a focus on the 
screen. In  the low voltage tube the spreading 
of the electron stream is greater than in high 
voltage tubes because of the greater time during 
which the mutual repulsion of the electrons acts, 
so that  some means of focusing must be used . 
The electrons can be brought to a focus by a 
longitudinal magnetic field so adjusted that 
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each divergent electron makes very nearly 
one complete turn of a spiral and in travelling 
the length of the tube returns to the axis at  
the screen .  I n  this way a very sharp spot 
can be produced , but the sensitivity of the 
beam to deflection is reduced very much by 
the directing magnetic field.  

The method of focusing that is used in the 
present tubes grew out of the suggestion by 
Dr. H. J .  van der Bij l ,  that a small amount of 
gas be introduced into the tube. This gas, at 
a pressure of a few thousandths of a milli
meter of mercury, serves to reduce to 1 mm. 
diameter a spot which would be 1 cm. across 
in a high vacuum tube. The sharpness of the 
spot depends also upon the current in  the 
electron stream so that the focus may be con
trolled by the cathode temperature. The 
mechanism of this focusing action will be ex
plained later. 

The presence of this slightly ionized gas also 
serves the purpose of preventing the accumula
tion of charges on the glass, and i t  provides for 
the discharging of the fluorescent screen so that 
the electrons can drift back to the metallic 
circuit. 

6RAl..I N T LlBE ON I T  

FJGCRE 2 

THE ELECTRODE lJ NIT 

With gas present in the tube, steps have to 
be taken to guard against arcing and the in
j urious effects of positive ion bombardment on 

the cathode. This is done by making the 
volume of gas surrounding the electrodes very 
smal l .  For this purpose the cathode and anode ,  
themselves small ,  are sealed into a short and 
narrow glass tube so that the volume exposed 
to both electrodes in common is less than 1 
cu . cm. All paths between the electrodes are 
then so short that at this low pressure there i s  
not sufficient ionization to  build up an arc. 

The structure of this unit ,  or ' ' electron gun ' '  
is  shown in  Fig. 2 .  The cathode ,  f, is  a n  oxide 
coated platinum ribbon of the same kind as the 
filament in our audion tubes. The anode ,  a, 

is  a thin platinum tube 1 cm. long and 1 mm. 
in diameter, one end of which is about 1 mm. 
from the top of  the filament loop , the other end 
opening into the main tube towards the fluor
escent screen .  Between the cathode and the 
anode and connected to the cathode i s  a metal 
shield , s ,  with a small aperture through which 
the electrons must pass in going to the anode . 
Nearly all of the electrons must then go to the 
inside of the tubular anode ,  and a small frac
tion of them pass through the whole length 
of  the anode and form the beam in the main 
part of the tube . 

The deflector plates, p, are also mounted 
rigidly on this unit. In order to avoid large 
differences of potential in the tube, one plate 
from each pair is  permanently connected to 
the anode, the variable potentials being ap
plied to the other plates. The complete unit 
is  mounted at  the small end of the tube with 
the anode and deflector plates toward the 
fluorescent screen . 

THE FILAMENT 

In some early forms the filament was bent 
into a simple hair pin loop which was placed 
close to the aperture in the shield . I t  was then 
found that the positive ions striking the fila
men t from the direction of the anode soon 
destroyed the oxide coating and left the filament 
inactive. This trouble was largely overcome 
by placing the filament out of the direct path of 
the positive ions. The flat filament is now 
shaped into a ring as shown in Fig. 3 , slightly 
larger in diameter than the aperture in the 
shield and is placed coaxial with the anode. 
The momentum of the positive ions then car
ries them past the active part of the filament 
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BRAllN TUE>E FILAMENT 

FIGURE 3 

and they strike where l ittle damage can be 
done. The length of service of the tube is still 
limited by the filament life, but this has been 
increased by the above artifice so that the 
tube now gives around 200 hours of actual 
operation . 

THE DEFLECTOR ELEMENTS 

The deflector plates are made of German 
silver, which is non-magnetic and which has a 
high specific resistance that diminishes the 
effect of eddy currents when magnetic deflection 
is used. The plates are 13 .7 mm. long in the 
direction of the tube axis and the separation 
between them is 4.7 mm. 

The sensitivity of the tube is such that the 
deflection of the spot is about 1 mm. per 
volt applied between the deflector plates. 
When using magnetic deflection, a pair of coils 
4 cm. in diameter placed on the sides of the 
tube at the level of the deflector plates pro
d uces a deflection of approximately 1 mm. 
per ampere-turn flowing in the coils. 

The electrons striking the screen drift back 
to the anode structure, and most of them are 
collected by the deflector plates. There is also 
a small ionization current flowing to the plates. 
The tube is therefore not strictly an electro
static device , and this must be kept in mind 
when using it. Fig. 4 shows the current flowing 
to the two free plates at various voHages with 
respect to the anode. With the large positive 
values o_f plate voltage the current to the plates 

is practically equal to the current in the electron 
stream and consists largely of the returning 
electrons. The small current in the other direc
tion when the plate voltage is negative is a 
measure of the ionization in the tube. 

THE FLUORESCENT SCREEN 

The screen is spread on the inner surface 
of the large end of the tube, using pure water 
glass for binder. The active material consists of 
equal parts of calcium tungstate and zinc 
silicate, both specially prepared for fluorescence. 
This mixture produces a generally more useful 
screen than either constituent alone. The pure 
tungstate gives a deep blue light which is about 
30 times as active on the photographic plate as 
the yellow-green light of the silicate, while the 
silicate gives a light which is many times brighter 
visually than that from the tungstate. By mix
ing the two materials in equal parts a screen 
is produced which is more than half as bright 
visually as pure zinc silicate and more than half 
as active photographically as pure calcium 
tungstate. 

For mechanical strength the end of the bulb 
which carries the screen is rounded outwards 
so that the screen is not a plane surface. This 
introduces a distortion of the fluorescen t pattern 
which in most instances is negligible. If the 
pattern is recorded by a camera whose lens 
is D cm. from the end of the tube, then the 
apparent reduction of the deflection produced 
by the curvature of the bulb is given in terms of 
the deflection y approximately by 

_ 20 + D 3 
Ay - 400 D Y cm. 

THE FUNCTION OF THE GAS 

The part which the gas pl ays in focusing the 
beam of electrons is an interesting phenomenon 
which depends upon the difference in the mobil
ities of electrons and positive ions. The elec
trons of the beam are pulled toward the common 
axis by a radial electric field produced by an 
excess of positive electricity in the electron 
stream and an excess of negative electricity in 
the space ou tside the beam . This distribution 
is produced as follows : Some of the electrons of 
the stream, in passing through the gas, collide 
with gas molecules and ionize them. Both the 
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colliding electrons and the secondary electrons 
leave the beam hut the heavy positive ions 
receive very little velocity from the impact and 
drift out  of the beam with only their com
paratively low thermal velocity . Positive ions, 
therefore, accumulate down the length of the 
stream and may exceed in number the negative 
ch arges passing along. At the same time, 
electrons are moving at random outside the 
stream, producing negative electrification. There 
is then a field surrounding the stream which 
tends to pull the electrons inward . If there 
were only the mutual repulsion between the 
electrons to compensate for, this would be done 
when the number of positive ions in the beam 
equals the number of electrons. There is in 
addition an original divergence of the beam 
which must be overcome. If this divergence is 
assumed to be one degree from the axis and the 
electron current 2 x io-5 amp. ,  then a simple 
calculation shows that the radial field required 

I 
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to pull the beam to a focu::; at the usu al distance 
i::; about one volt per cm. This field s tren gth i s  
produced , with beams of  the ordinary intensity,  
i f  there are four positive ions for each electron 
in the stream , a condition vv hich ;,,eems not 
unreasonable . 

The number of ions per electron in the stream 
is probably constant as the current in the stream 
is varied , since the condi tions of col lision and 
recombination are not altered . \i\'hen the cur
rent is increased , therefore , the total positive 
ioniiZation of the beam increases, the field 
around the beam becomes stronger, and the 
electrons are brough t to a focus in a shorter 
distance. 

These deductions h ave been confirmed experi
mentally . That the focusing of t he stream 
depends upon the current flowing was one of the 
earliest observations made  in deYeloping the 
tube and this method h as been used ever since 
to obtain a sh arp spot . The point of con-
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vergence can be seen moving in the manner ex
pected when the current is ch anged , and the 
effect h as been further verified by using a tube 
with a movable fluorescent screen so that the 
length of the electron beam could be varied . 
The presence of the electric field around the 
beam was shown by the effect of two beams on 
each other, in a tube ip which there were two 
electron streams crossing each other at right 
angles at their mid-points, each falling on a 

fluorescent screen . \!Vhen one beam was moved 
away from the other by a field between the 
deflector plates , the second beam moved as if 
attracted by the first. The directed electrons 
in each beam were attracted toward the posi
tive ionization in the other, and for one par
ticular adjustment of the tube the displace
ment was such as would h ave been caused by a 
field of abm.it :3 volts per cm. ,  a result not far 
different from th at previously calculated . 

Since the beam must produce its own posi
tive ionization some time must· elapse before i t  
can produce by collisions the required number 
of positive ions. Calcul ation shows this time 
to be of the order of 10-6 second . When the 
beam moves i t  h as to build up the ionization 
as it goes along, and we should expect that when 
deflected very rapidly i t  might no longer be 
focused , due to l ack of positive ions in its path. 
A test was made of this by applying a high fre
quency potential on the deflector plates so that 
the spot described an elliptic pattern . At a 
frequency of 105 cycles per second the line was 

still sharp, but at 106 cycles there w as a notice
able widening of the line which is probably 
to be ascribed to i mperfect focusing at th is  
high speed. 

In these experiments the evidence all points 
to the view that the focusing of the electrons is 
caused by an excess of positive charge in  the 
beam i tself ,  produced by ionizing collisions of 
the electrons with the gas molecules. Further 
confirmation is found in the fact that a focus is 
much more readily obtained in the heavier gases 
having slow molecules, such as n itrogen , argon 
Or mercury vapor, t han in hydrogen and helium 
where the mean velocity of the molecules is 
greater. The tubes are therefore fi lled with 
argon , the heaviest available permanent gas 
which does not attack the electrodes. The 
best pressure for the length of tube adopted 
and for the current which can be obtained i n  
the beam i s  5 t o  1 0  microns, and this leaves 
considerable latitude for the adj ustment of 
the electron current to get a sharp focus. 

EXAMPLES OF THE lJsE OF THE TUBE 
Because of the small amoun t of auxiliary ap

paratus required with this form of Braun tube 
it has proved to be a very convenient labora
tory instrument. It has found application i n  

studying the behavior o f  vacuum tubes and 
amplifier and oscillator circuits, of gas discharge 
tubes, of relays, and of numerous other kinds of 
apparatus, both at low and at high frequencies. 
Some reproductions of photographs of various 
types of curves are given below to illustrate 
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the kind of results which are possible with this 
oscillograph. 

Fig. 5 shows the hysteresis curve of a sample 
of iron wire. The wire was placed in a small 
solenoid with one end toward the side of the 
tube . The magnetizing current passed through 
a resistance, the voltage drop of which was 
applied to one pair of deflec�or plates so as to 
give a deflection proportional to the magnet
izing field . The stray magnetic field from the 
iron i tself produced the deflection proportional 
to the induction . Alternating current was used , 
and the exposure was 20 seconds with lens 
opening f 6.3 and speed roll fitm .  

I n  Figs. 6a and 6b are shown t h e  current
voltage relations of an oscillating vacuum tube. 
The axes were obtained by grounding one or 
the other deflector element .  

The measurement o f  modulation i n  a radio 
transmitting set has been reduced to a fairly 
simple process by means of the cathode ray tube . 
The low frequency modulating voltage, con
trolled by the voice, is applied to one pair of 
deflector plates, while the radio frequency out-

put, with ampli tude varying according tolthe 
low frequency voltage, is applied to the other 

pair of deflector plates. The resulting pattern 
on the screen is a quadrilateral of solid fluor
escence, since the two frequencies are not 
commensurate. The two vertical sides indicate 
the greatest and the least amplitude of the 
high frequency, while the other two sides show 
the current-voltage characteristic of the trans
mitter. Fig. 7 shows such a pattern (re
touched ) ,  the edges being much brighter than 
the centre. The exposure was two minutes 
using a Seed 23 plate and f 6.8 lens opening. 
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The Business Cycle. The Interest of the Telephone 
Industry in its Analysis 

By F. E. RICHTER 
Chief Statistician's Division, A merican Telephone and Telegraph Company 

TEN or fifteen years ago i t  was the fashion 
among economists, in discussing the ups 
and downs of business, to concentrate 

their attention on crises and panics, and to en
deavor to explain the causes for these recurrent 
disasters in the business world . Gradually the 
discussion broadened , and in more recent years 
there has been an increasing amount of study 
of the characteristics of each phase of what has 
come to be known as the business cycle. Causes 
and effects, inter-relations of forces, sequences 
of phenomena, and interpretations of all of these 
have been the subjects of serious attention and 
analysis on the part of economists and business 
statisticians. N either students nor business 
men are by any means unanimously agreed on 
the many points of interpretation raised by such 
stud y ;  indeed , there is right at the outset a 
fundamental difference of opinion as to the ex
istence of the business cycle itself as a dis
tinguishable and definable economic phenom
enon. There are those who consider the business 
cycle as being quite as inevitable, even if not 
quite as regular in recurrence, as the tides. 
There are others who would deny any validity 
to a theory of business cycles, or who refuse to 
see in the course of business any such sequences 
of events as can properly be given a name with 
the connotation of the word " cycle ."  

Whatever the degree of inevitability of a 
cyclical movement in business, the fact remains 
that business does not remain and does not 
tend to remain for any considerable length of 
time at a dead level of activity ; apart from the 
natural tendency for the volume of production 
and trade to grow with the increase of popula
tion and with added human wants for economic 
goods, business as a whole has its ups and downs 
just as individual business enterprises have 
their periods of prosperity and adversity or 
setbacks. I t  is further true that certain types 
of phenomena tend to recur and to be sufficiently 
similar in their manifestations so that in spite 
of some differences in causes and in effects, it 
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seems not unfair to describe the whole senes 
of developments as a cyclical movement. 

THE FORCES OF THE BUSINESS CYCLE 

The chart, " The Forces of the Business 
Cycle " (Fig. 1 ) ,  aims to depict what might 
be called a contour of business in the various 
phases of one of these cyclical movements, an 
imaginary one,  to be sure, but roughly typical 
of such movements in general .  The major 
phases of the cycle are shown on the chart as 
revival , prosperity, l iquidation and depression . 
Every business man , whatever his views about 
business cycle theories, wil l  recognize that these 
words describe the successive stages through 
which business now and again passes. I f  the 
physical volume of business grew merely with 
the increase in population, or with a regular 
increase in consuming power on the part of 
inhabitants of a country or of the world, it  
might be said to have a ' ' normal ' '  rate of 
growth or to be always " normal. "  I f  condi
tions of production also remained the same ,  
or  rather if  an increased volume of production 
j ust sufficient to meet increased consuming 
power were possible and were not attended 
by changing costs or readj ustments of any sort ,  
business would lose much of i ts '1ttractiveness 
as a venture and much of the dynamics and 
hazards which now characterize it .  It is j ust 
because business is a struggle against varying 
natural and human forces and because business 
men and all other members of economic society 
are not equally able to forecast or cope with 
these forces, or are not  equally affected by 
them, that the ups and downs of  business come ; 
in other words, that the  business cycle develops. 

Since, therefore, business tends to fluctuate 
above and below what might be considered a 
normal rate of growth , the significance of the 
term " business cycle " has to do solely with the 
disparities between conditions of business at 
given times and what might be conceived to be 
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normal condi tion of business at those times. The 
cyclical movement ,  further, is  something quite 
different from and independent of the seasonal 
variations in business in general , or in any par
ticular line of industry. There are few, i f  any, 
businesses which are not subject to seasonal 
fluctuations, and when the business statistician 
refers to a business cycle, he abstracts from these 
merely seasonal changes and takes them for 
granted , in  the first place, j ust as he takes for 
granted a normal rate of growth.  

The business cycle may be said to be due to 
the fact that apart from special influences, such 
as " lean " and " fa t "  years in agriculture , 
earthquakes, or other natural and humanly un
controllable events, on the one hand , and wars 
or other political developments or events like 
strikes, on the other hand, it is apparently im
possible for any mechanism as complicated as 
the modern industrial organization to function 
at all times and in all places with equal efficacy 
and smoothness ; the economic forces which act 
upon the various parts of the huge industrial 
machine cannot and do not act with the same 
promptness and efficiency. This is true both 
for business as a whole and for individual in
dustries within the whole. 

THE PHASES OF THE B t:SINESS CYCLE 

Take, for example, the period of revival. I t  
has been prepared for by a period of depression 
accompanied by relative stagnation in many 
branches of industry. Factories are closed 
down , men are uut of work in large numbers, 
and bank funds have accumulated . On all sides 
there are things to sel l ,  whether goods ,  services 
or credit ,  and sellers are more eager than buyers ; 
in short, at the beginning of a revival , as through
out the period of stagnation, a buyer's market 
obtains. There persists ,  too, among buyers a 
hesitancy to make commitments until it seems 
certain that both the prices of the things they 
buy will not go materially lower and that there 
will be a market for manufactured products at 
prices that will yield profi ts. When business 
does begin to pick up, it probably never im
proves at  the same time or at the same rate in 
all industries. One group of industries may start 
the upward movement and for a considerable 
time set the pace. I n  the United States, for 
example, the textile industries normally tend 

to revive earlier than most other i ndustries and 
did so in the present cycle ; in the case of the 
paper industry, certain studies that have been 
made seem to show a tendency for at least 
certain parts of that industry to lag behind 
general business. I n  the present cycle, the 
stagnation in the iron and s teel industry was 
almost, if not quite, unprecedented . Then 
almost simultaneously there developed railroad 
equipment purchases on an exceptionally large 
scale, an entirely unexpected volu me of auto
mobile production and sales, an enormous 
amount of building construction , and a marked 
demand for steel for oil tanks to store vast 
quantities of oil that were piling up as the result 
of a rate of oil  production far in excess of in
dustrial consumption . The improvement in the 
iron and steel industry was therefore sharp and 
altogether notable. Other industries have fol
lowed the lead of iron and steel , but  the rate of 
improvement has been far from uniform. Retail 
trade, dealing as it does with the ultimate con
sumer, tends to lag behind wholesale trade ,  
which must gamble on and therefore anticipate 
changes in retail business. Wholesale prices of 
commodities similarly tend to rise before retail 
prices and still further in advance of wages ; 
and while interest rates on bonds or other long
term securities tend to decline at about the 
same time as interest rates on short-term bank 
loans,  an advance in yields on bonds tends to 
lag behind the advance in interest rates on com
mercial paper, and , except for prices of  real 
estate and o ther fixed capital , tends to be one of 
the last categories of " prices " to rise with re
turning prosperi ty. Furthermore, the various 
phenomena of each phase of the business cycle 
take place at different times in various coun
tries and even at differen t times in the various 
sections of this country, partly as a natural 
effect of the regional distribution of industry. 

The foregoing discussion of some of the 
features and in particular the irregular sequences 
which are found in the period of revival does 
not need a modified repetition to fit the other 
phases of the business cycle. The comments 
in outline form on the chart (Fig. 1) sufficiently 
describe the salien t characteristics of each of 
the phases of prosperity, liquidation and de
pression. The essence of the period of pros
perity is optimistic and feverish activity with 
accompanying loss of efficiency in the use of 
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labor and capi tal , a seller's market with nsmg 
prices which , however, toward the end of the 
phase leave decreasing margins of profit ;  and 
at the peak of prosperity a definitely over
extended credit situation . The essence of the 
crisis or liquidation period 1s its short duration 

elements of the industrial structure, and as 
these latter meet with disaster, they drag others 
down with them. A serious crop failure, a 
sudden curtailment of buying by foreign cus
tomers, difficulties in  some one large domes tic 
industry which had been over-extended , an 

. Tho Cu.11..lation of Pro6perit7. 
1. Coridition• at beginning of :-1nnal . 

II. �oG:�!tJ��t:!:�o:::�t o��:e:::;�n . 
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THE FORCES OF THE B cs1J\ESS CYCLE 

and the severe as well as rapid decline in busi
ness activity and in prices (at least in prices at 
wholesale) , and a sharp increase in business fail
ures, as those concerns which for any reason 
whatever are in a weak condition , find them
selves unable to make it go and to meet their 
obligations. 

The period of depression is perhaps that one 
about which it is most difficult to generalize. 
Particularly is this so in regard to the length of 
the period. All the difficulties of the crisis stage 
are likely to carry over into the depression and 
to persist through a good part of the latter 
period. The crisis comes because business tries 
to overreach i tsel f ;  too many business rnen are 
too optimistic as to their abil ity to carry 
through indefinitely commitments on a scale 
which the community's consuming power can
not for a protracted period j ustify. Some one 
or more sets of causes then attack the weaker 

important  strike-such events or circumstances 
may be responsible for the actual break of the 
cns1s. The period of depression , however, is a 
t ime of testing for the strong and weak alike. 
Pessimism reigns. Few, if any, industries 
are l ikely to be exempt from the serious effects 
of prolonged stagnation, and the chief aim and 
task of a business enterprise, perhaps, must be 
to so completely put  its house in order that at  
the first signs of  a more favorable outlook, 
nothing shall have been left undone which will 
enable the business to take full advantage of 
the opportunit ies that offer for business ex
pansion . Cheap and ready bank credit  will be 
at the service of a thoroughly solvent concern 
to enable it to purchase raw materials when 
they should be bought, and long-term financing 
for construction purposes can be put through 
on a favorable basis when the proper time for 
expansion seems to he at hand . Labor will be 
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plentiful , at wages which, on the average, are 
below those that obtained at the peak of 
prosperity. 

CONSTRUCTION OF A GENERAL BUSINESS CURVE 

I t  is the all-important problem of determining 
what is the proper moment for increasing com
mitments on the eve of a revival of prosperity, or 
for playing safe and adopting a conservative 
attitude in the midst of prosperity, that has led 
to and stimulated the endeavor to study and 
interpret the various phases and features of the 
business cycle. To this end , curves designed to 
record the progress of business conditions above 
and below an assumed normal have been and 
are being constructed . The construction and 
use of such curves does not imply a mechanistic 
view of a set of such thoroughly human activi
ties as business enterprise represents, nor do  
their authors consider that the  graphs are a 
substitute for sound business j udgment. I t  
is assumed , however, that i n  spite of the dis
similarities between various successive business 
cycles and between the causes opera ting to 
affect business conditions, at different times, 
such graphic comparison with previous cycles 
as a general business curve affords, is of real 
value. The principal assumption underlying 
the construction of such a curve is  that there 
are available certain statistics which can be 
used as rather faithful indices or reflectors of 
the scale of general business activity. The 
supreme importance of the iron and steel i n
dustry in supplying the wants of almost all 
other industries causes monthly statistics of 
pig iron production to be able to function 
generally very well as such an index. The uni
versal use of checks as media of payment i n  
business transactions makes monthly figures of 
volumes of such transactions by checks another 
valuable i ndex. This is especially true if 
proper corrections are made for significant 
changes in the price level, since as prices rise 
or fall ,  a larger or smaller volume of bank credi t  
is required t o  carry o n  t h e  same physical volume 
of business. Figures for railroad freight traffic 
also obviously reflect the volume of trade. 
Statistics of production in cerain key industries 
other than iron and steel may be taken as further 
indicators of business activity. If for each of 
the series of figures chosen, such as that for pig 

iron production, the required statistics are avail
able continuously over a period of years, it is 
possible by mathematical methods to determine 
the apparent long-time trend of each series in  
question ; and once this trend is established and 
the method of allowing for seasonal variations 
determined on, it is possible to calculate the 
approximate extent to which the figure for any 
particular month or year is above or below the 
theoretical normal . A composite of the month
by-month results for each of the series enables 
the construction of a general business curve, 
which should reflect with considerable faith
fulness the relation of general business activity 
to what may fairly be called " normal " business. 

THE TELEPHONE INDUSTRY AND GENERAL 
BUSINESS 

I t  is clearly possible to construct a business 
curve for virtually any mechanical industry 
for which the necessary statistics are available ,  
in  order to show the usual relationship of  activity 
in that industry to activity in business in general , 
both as to time and as to relative fluctuations 
above and below normal . Since variations in 
activity in  individual industries do not always 
or generally coincide exactly with those of 
industry as a whole, a careful study of normal 
relationships in this field is highly desirable. A 
business curve has been constructed for that 
part of the telephone industry . in the United 
States comprised in the Bell System and ap
pears on the chart (Fig. 2) , together with a 
general business curve covering the last twenty 
years. The telephone curve, l ike the general 
business curve, concerns i tself solely with 
physical vol ume of business and not at all with 
financial results of operations. The most 
obvious thing to be noted in the study of the 
chart is that the telephone industry is much 
more stable than general business, as evidenced 
by the fact that the curve denoting the telephone 
business fluctuates much less widely about the 
normal line than does the general business curve. 
The second observation is that, despite the 
differences in amplitude of fl uctuations, the 
same swings above and below normal appear 
for general b usiness and for the telephone busi
ness. The third feature is that, generally 
speaking, there is a slight lag in the curve 
representing the telephone b usiness as compared 
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with the general business curve. This lag is not 
uniform and indeed is not always present ;  and 
in  fact, within the telephone industry itself, 
certain types of traffic probably vary in volume 
with or even slightly ahead of changes in  general 
industrial condit ions, t hough the volume of traffic 
as a whole may lag behind general business . 
I n  1 921 , the recovery in the telephone business, 
months ahead of that in general business, is 
doubtless attributable to a backed-up demand 
for new telephone service which arose d uring 
the period of wartime restrictions upon the 
extension of telephone facil i t ies and which by 
1 92 1  was being satisfied to such an extent that 
the cyclical turn upward in telephone traffic 
may be placed as early as M arch , rn21 ,  while 
that  in general business came months la ter. 

We may say, then, that the fl uctuations of 
general business have a definite effect on tele
phone business, and that the telephone business 
cycle is quite similar to the general business 
cycle, at least as to wave lengths, if not as to 
wave depths or ampl i tudes. The degree of 
prosperity or of adversity apparent in general 
business, however, for various reasons seldom 
gives an exact idea of condi tions in the telephone 
business. Yet it may be said that for few, if 
any,  industries is the study of general business 
conditions and of specific phases of the economic 

and financial si tuation more profitable than 
for the telephone business. This is true not 
merely, or perhaps even not principally,  because 
an intelligent interpretation and forecast of 
general business conditions enables tele\Jhone 
executives to interpret current operating results 
and to plan more intelligently in regard to 
operating, commercial and financial problems 
during the six months or twelve months just 
ahead , but also because of the assistance i t  
renders in planning a number of years ahead . 
As a public u ti l i ty, the telephone industry must 
prepare i tself to meet the demands for con
stantly increasing service that  are put  upon i t .  
This involves planning far in  advance for such 
additional construction, facil i ties and personnel 
as will enable the industry to meet promptly 
and efficiently the demands for greater service 
as t hey appear. To this end there is neces
sary not only an intelligent appraisal of the 
potential growth in telephone development, 
but  also as definite ideas as possible of the mGst 
economical times at which to undertake con
struction , fi nance necessary expansion, and in  
general assume future commitments o f  a l l  kinds .  
I n  al l  this, a careful s tudy of present and prob
able business condi tions, while by no means 
affording an infallible guide, has nevertheless 
been found to render valuable assistance. 

www.americanradiohistory.com

www.americanradiohistory.com


Power Losses in Insulating Materials 
By E. T. HOCH 

Engineering Department, Western Electric Company 

SYNOPSIS ;  It is shown that a satisfactory measure of power 

loss in a dielectric is the product of phase angle and dielectric 

constant. Although the dielectric constant need not be ex

pljcitly considered in th� design of condensers, it is important 

in swh cases as the design of apparatus panels, and vacuum 

tube bases. The method used in measuring phase angle and 

dielectric constant is discussed.-EDITOR. 

IN. w
.

orking with electrical circuits operating 
at very high frequencies and moderately 
high voltages, such as radio transmitting 

circuits , it is found that failure in the insulation 
is seldom due to puncture or flashover as is 
usually the case at power frequencies, but is 
generally due to excessive heating which , in 
turn, causes both mechanical and chemical d is
integration . As this heating is due almost en
tirely to the energy losses occurring in the di
electric itself, i t  is essential that the factors 
involved in the calculation of these losses be well 
understood . 

fo the past , various indices have been used as 
a measure of power losses for the purpose of 
comparing different dielectrics. Of these, power
factor, phase difference and watts per cubic 
centimeter probably are the most common. 
Kone of these, however, is very satisfactory for 
this purpose since the first two give only part of 
the desired information , and the last is not in  
any sense a property of the material , as it is 
dependent on both the voltage gradient and the 
frequency. 

However, it can be shown that the product 
of the phase difference and the dielectric con
stant of a material is to a sufficient approxima
tion an index of its power losses. Let us con
sider for a moment the complete expression for 
dielectric loss. In any condenser the capacity 

C = a K 

sin 'Ir being the power factor. · (Plate resistance 
assumed negligible.) For small angles this may 
be written 

P = E I  'lr,1 
= 27r j E2 a K 'Ir, 

since I = 2 7r f E C, j being the frequency. 
In the particular case of a condenser of 

parallel plates 
A a =  m a· 

two 

where m is a constant depending on the units 
used , A the area of one plate, and d the thickness 
of the dielectric. 

Hence 
A 

P = 271" j E2 m d K 'Ir. 

But the volume of dielectric V = A d,  and the 

voltage gradient Eg = �· 
loss per unit volume is 

Therefore the power 

p - ' E 2 j K  V -
m g 'Ir, (1) 

where m' = 2 7r m, and m ' K 'Ir = loss per unit 
volume at unit frequency and potential gradient. 

Thus i t  is seen that while no single factor of 
the expression can be used to represent the 
losses, the product of phase difference and di
electric constant 2 can be used in this way. 
Furthermore, for most good insulators, this 
product remains fairly constant throughout a 
considerable range of voltage and frequency. 
For example, we have found that for such ma
terials as wood , phenol fibre, and hard rubber, 
the change of this product with frequency is of 
the order of 20 per cent from 200,000 cycles to 
1 ,000,000 cycles. Hence it is possible to com
pare directly the losses in different materials 
even though the measurements were not made 
at exactly the same frequency. 

1 The substitution of the angle for its sine is correct 
to better than 5 per cent for angles as large as 30°. 

where a is a constant depending on the geo
metrical dimensions, and K is the dielectric 
constant. If a voltage, E, is applied to the 
condenser the power loss 

� This relation has been brought to the attention of the 
Committee on Electrical Insulating Materials of the 
American Society for Testing Materials and is included 

where I is t he current through the condenser in their " Tentative Method ·of Test for Phase Difference 
(Power Factor) and Dielectric Constant of Molded 

and 'Ir is the phase difference of the dielectric : Electrical Insulating Materials at Radio Frequencies. 

P = E I sin '1.F, 

Copyright, 1922, by A merican Telephone and Telegraph Company. 
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If '1' is taken in degrees, E, in volts per centi

meter, and f in cycles per second, the constant 
m' reduces to 0.97 X l0.-1'. Hence, for a 
frequency of 1,000,000 cycles per second and a 
potential gradient of 10,000 volts per centi
meter, the product of K and '1' (in degrees) is 
within 3 per cent of being numerically equal to 
the dielectric loss in watts per cubic centimeter. 

Data showing the variations with frequency 
and temperature of the phase difference, di
electric constant, and their product, for several 
materials are given in Tables I .  and II. below. 

TABLE I. 

Dielectric Constant, Phase Difference and Their Product for 
Several Commercial bisutating Materials 3 

Fre- Di- Phase 
electric Differ- Prod-

Material quenc� Con- ence uct C. P . .  Stant Degrees 
--- ---

Phenol Fibre A . . . . . .  295,000 5 . 9  2 . 9  1 7 . 1  
500,000 5 . 8  2 .9 16.8 
670,000 5 . 7  2 . 9  16 . 5 

1,040,000 5 . 6  3 . 3  18.5 

Phenol Fibre B . . . . . . 190,000 5 . 8  2 . 2  1 2 . 7  
500,000 5 . 6  2 . 5 14 . 0 
675,000 5 . 6  2 . 6  14.6 
975,000 5 . 6  2 . 8  1 5 . 7  

Phenol Fibre C . . . . . .  200,000 5 . 4  2 . 1  1 1 . 3  
395,000 5 .4 2 . 2  1 1 . 8  
685,000 5 . 3  2 . 3  12 . 2 
975,000 5 . 2 2 . 4  1 2 . 5  

Phenol Fibre D . . . . .  194,000 5 . 4  4 . 2  2 2 . 7  
500,000 5 . 2  3 . 9  20.3 
695,000 5 . 2  3 . 9  20. 3 

1,000,000 5 . 1  3 . 8  19. 4  

Wood (Oak) . . . . . . . .  300,000 3 . 2  2 . 1  6 . 7  
425,000 3 . 3  2 . 0  6 . 6  
635,000 3 . 3  2 . 2  7 . 3  

1,060,000 3 . 3  2 . 4  7 . 9  

Wood (Maple) . . . . . .  500,000 4 . 4  1 .  9 8 . 4  

Wood (Birch) . . . . . . .  500,000 5 . 2 3 . 7  1 9 . 2  

Hard Rubber . . . . . . .  210,000 3 . 0  . 5  1 . 5  
440,000 3.0 . 5  1 . 5  
710,000 3 . 0  . 5  1 . 5 

1,126,000 3 . 0  . 6  1 . 8  

Flint Glass . . . . . . . . .  500,000 7 . 0  .24 1 . 68 
720,000 7 . 0  . 24 1 .  68 
890,000 7 . 0  .23 1 .  61 

Plate Glass . . . . . . . . .  500,000 6 . 8  . 4  2 . 7  

Cobalt Glass . . . . . . . .  500,000 7 . 3  .4 2 . 9  

Pyrex Glass . . . . . . . .  500,000 4 . 9  . 24 1 . 1 8  

i All of the samples had been in the laboratory for some 
time during summer weather without artificial drying or 
other special preparation. 

TABLE II.  

Variation with Temperature of Dielectric Constant, Phase 

Difference amt Their Product for Some Commercial 

Inrnlating Materials (Frequency 500,000 C. P. S.) • 

Temper- Di- Phase 

Material ature electric Differ- Prod-
Degrees Con- ence uct 

c stant Degrees 
--- ---

Molded Phenol Prod- 2 1  5 . 6  3 . 1  1 7  . 4  
uct A . . . . . . . . . . . .  71 6.9 6.5 45.0 

120 10 .4 22.0 230.0 
21 5 . 5  2 . 9  16.0 

Molded Phenol Prod- 21 5 . 2  2 . 3  12.0 
uct B . . . . . . . . . . . .  71 6 . 1  3 . 7  22 . 5 

120 7 . 6  8 .9 68.o 
21 5 . 2 2 . 3  12 . 0 

Molded Phenol Prod- 2 1  5 . 3  2 . 8  14.8 
uct C . . . . . . . . . . . .  71 6 . 1  3 . 6  22.0 

120 6 . 7  9 . 6  64.1 
21 5 . 0  2 . 5 12.5 

Phenol Fibre B . . . . . .  21 5 . 6  2 . 5  14 .0 
71 6. 6 3 . 1  20.5 

120 6. 5' 4.6 30.0 
21 5.4' 2 .4 13 . 0  

Phenol Fibre C . . . . . .  2 1  5 . 4  2 . 3  1 2 . 4  
71 6 . 0  3 . 9 23.5 

120 5 . 3  4.9 2 6 . 5  
2 1  4 . 9  2 . 4  1 1 . 8  

Phenol Fibre D . . . . . .  21 5 . 2  3 . 9  20.3 
7 1  6 . 6  6 . 9  46.0 

120 6 . 3  1 3 . 5  85.5 
21 5 . 1  3 . t  15.8 

Hard Rubber . . . . . . .  21 3. . 5  1 . 5 
71 3 . 1  I .  2 3 . 7  

120 3 . 2  3 . 7  1 1 . 8  

Pyrex Glass . . . . . . . .  20 4 . 9  .24 1 . 1 8  
74 5 . 0  . 4  2 . 0  

125 5 . 0  . 7  3 . 5  
19 4 . 9  .25 1 . 2 2  

The above data were obtained by the re

sistance variation method,5 Fig. 1. Each value 

FIGURE 1 

of phase difference and of dielectric constant 
represents the average of at least five readings 

• The measurements on each sample were made in: the 
order in which they are given in the table. 

• Bureau of Standard Circular No. 74, p. 180. 
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on a single sample using not less than three 
different values of the known resistance R. A 
condenser, the dielectric of which consists of 
the material to be tested, is connected in series 
with a suitable inductance, a known resistance 
which can be varied, and a radio frequency 
ammeter. An oscillator is coupled loosely to the 
inductance and its frequency varied until 
resonance is obtained as indicated by maximum 
current through the meter. vVithout changing 
the tuning, the resistance is changed and a 
second reading of current is obtained. Then, 
since the e.m.f. induced in the measuring cir
cuit is the same in both cases, if R1 and R2 are 
the known resistances, 11 and I2 the correspond
ing currents, and r the resistance of the re
mainder of the circuit, 

or, if R1 be made zero 

A standardized variable air condenser having 
negligible resistance is then substituted for the 
condenser under test and the process repeated 
except that the circuit is tuned to resonance by 
varying the capacity instead of the frequency. 
In this way the resistance of the circuit exclusive 
of the test condenser may be determined. The 
di fference between these two circuit resistances 
is the resistance of the test condenser from which 
the phase difference may be computed . The 
capacity of the test condenser is equal to the 
capacity of the standard condenser which pro
duces resonance. From this and the dimen
sions of the sample, its dielectric constant may 
be computed. 

In addition to the general precautions men
tioned in the Bureau of Standards Bulletin, 
two others should be observed in the measure
ment of dielectrics. First, the electrodes must 
be in intimate contact at all points with the 
surf ace of the sample, as a very small air space 
will cause a large error in the values of phase 
difference and dielectric constant obtained for 
the sample. For this reason only mercury 

electrodes have been found suitable, the sample 
being floated on a pool of mercury forming the 
lower electrode and the upper electrode being 
formed by pouring a pool of mercury inside a 
metal ring on the upper surface of the sample. 
This introduces the second difficulty. The 
lower electrode being, of necessity, larger than 
the upper one, the electric field spreads out con
siderably beyond the edges of the upper elec
trode and increases the effective area by an 
unknown amount. 

To determine the magnitude of this error, 
measurements were made on samples prepared 
as shown in Fig. 2. A is the upper electrode, 

FIGURE 2 

B is the sample under test and C is a tinfoil 
guard ring shellaced to the lower surface of the 
sample but separated from the lower electrode 
D by a sheet of paper shellaced over the guard 
ring. The gua.rd ring covers all of the lower 
surface of the sample except the area equal to 
the upper electrode and directly under it. The 
direct capacity between A and D is measured 
using the guard ring as a shield to intercept the 
flux which spreads out around the upper elec
trode, diverting it away from the measuring 
circuit. This measurement is made at audio 
frequency on a completely shielded substitu
tion bridge. The difference between this capac
ity and the capacity of A to D without the 
guard ring is approximately the correction due 
to this edge effect. Using samples 6 inches 
square with an upper electrode 5 inches square, 
this correction was found to be about 7 per 
cent for samples 78 inch thick and 14 per cent 
for samples .K inch thick. All values of di
electric constant given above have been cor
rected. The phase difference is not affected 
appreciably since it is dependent only on the 
ratio of resistance to reactance and does not 
involve the area of the sample. 

The radio frequency generator used con
sists of a vacuum tube oscillator having a 
maximum output of 250 watts. The coupling 
between the generator and the measuring circuit 
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was very loose and care was taken to avoid 
capacity couplings. The measuring circuit was 
shielded from the observer by a metal screen. 
In spite of these precautions the results obtained 

on the same sample at different times do not 
agree as well as might be desired although the 
individual readings taken at the same time agree 
in most cases to within 5 per cent. Other ob
servers have found that measurements made on 
the same sample at intervals of a few hours 
often differ by more than the apparent error of 
the measurements and have attributed it to 
actual changes in the properties of the ma
terial.6 Hence it is possible that at least part 
of the apparent variation with frequency shown 
above is due to unknown errors in the measure
ments or unknown changes in the samples or 
both. 

As an illustratior1 of the error involved 111 
taking only phase difference as a measure of 
power loss, suppose we wish to compare hard 
rubber having a phase difference of about 0.5 

• R. Mesing-L'Onde Eleclrique, April, 1922, p. 235 and 
Augustin Frigon-Comp/es Re11dus, May 22, 1922, p. 1339. 

degree and a dielectric constant of 3., with a 
certain grade of glass having a phase difference 
of about 0.3 degree and a dielectric constant of 
7. On the basis of phase difference alone the 
hard rubber appears very much worse than the 
glass, but when the dielectric constant is taken 
into account, the glass is found to give 40 p

'
er 

cent higher power loss. Similarly, some un
treated woods were found to have considerably 
lower losses than the phenol fibres although 
their phase differences are nearly the same. 

CONCLUSION 
In the case of ordinary insulation where the 

object is to provide a mechanical separator or 
support, the product of phase difference and 
dielectric constant is a true measure of the 
energy loss per unit volume as shown by the 
equation (1). In the case of a condenser where 
the object is to obtain a given capacity, the 
phase difference alone determines the power 
loss since in this case the effect of the increased 
dielectric constant is exactly balanced by the 
<;mailer volume of dielectric required. 
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The Heaviside Operational Calculus 
By JOHN R. CARSON 

E11gi11eering Department, Wes/em Electric Compa11y 

SYNOPSIS: The art of electrical com1111mication O"UJes a 
great a11d i11creasi11gly recog11ized debt to Oliver Heaviside 
for his work in the developi11g and emphasizing a correct 
theory of electrical lra11smissio11 along wires and in particular 

for his i11s ista11ce 011 /he imporla11ce of inductance. His 
operatio11al methods of solving /he differential equations 
which are f11nda111e11tal of Ifie theory of electric circuits, 
al/hough not widely kn0".1111, are important. These methods 
are peculiarly applicable lo many important problems of 
eleclricat tra11s111issi.o11. The present paper, while theoret
ical in characler, there/ ore deals with a subjecl of pract ical 
importance lo the com1111mication engineer. 

Without attempting to give any adequate idea of the strik
ing originality and i11ge1111ity of Heaviside's methods, his 
operational calc11lus may be very briefly explained as fot
ows. Problems iti electric circuit theory are described by 
a set of diff erenlial equations i11volving the diff er1mtial oper-

ator *'· These differential equations may be reduced 

formally to algebraic equations by replacing tlze differential 
operator by tlze symbol p a11d by this expedient a purely 
symbolic solutio11 is obtained. This symbol ic solttti<m is 
called the operalio11al f orm11la of the problem. 

bi order to interpret the purely symbolic operational 
formula, Heaviside proceeded as follows: By direct com
parison of Ille operali.onal form 11/a of specific problems with 
their known expl icil solutions he was led to assign a definite 
significance to /he operator p. Thereupon, he oblained by 
inductian gmerali::ed specific crileria or rules for solving 
the operational for11111la. 

The prese11t paper, by a/lacking /he problem from a 
different sta11dpoillt, shO".vS llzat the Heavisi.de operational 
form11la is a shorlhand equivalent of an integral equation 
from which the methods and rules of his operational calcul11s 
are ded11ciblt.-F..D1TOR. 

A

VERY interesting and by no means 
the least valuable part of Heaviside's 

. researches relates to operational meth
ods of solving the differential equations of a 
class of physical problems of which electric 
circuit theory problems are typical ; i n  fact 
Volume I I  of his Electromagnetic Theory is 
almost en ti rely devoted to this subject. The 
methods of solution which he originated and 
employed arc of extraordinary directness and 
simplicity in a very large class of problems in 
applied mathematics. In fact i t  would be dif
ficult to exaggerate the value of his work along 
this line, and nowhere is it more immediately 
and usefully applicable than in the theoretical 
problems of electro-technics. 

Heaviside is, however, by no means easy 
reading and, in spite of the considerable number 
of published studies relating to his operational 
calculus, i t  is less generally understood and 
applied than its value warrants. The writer 

has had occasion to apply Heaviside's methods 
quite extensively in electrical problems and in 
the course of his study was led to a general 
formula which to him al least has proved use
ful in interpreting and rationalizing the opera
tional calculus. This formula is presented and 
discussed in the present paper with the hope that 
it may be of service lo students of Heaviside in 
understanding and applying his methods. The 
paper may also serve as a brief recapitulation 
of some of the outstanding methods applicable 
to the solution of problems in electric circuit 
theory. 

The problems lo which Heaviside applied his 
operational calculus relate to the ospillations of 
electrical and mechanical systems which can be 
described by a system of linear differential 
equations with constant coefficients or to such 
partial differential equations as the telegraph 
equation. The system is supposed to be set 
into oscillation from a state of equilibrium by 
suddenly applied forces and the operational 
formula gives the resulting behavior of the 
system. 

The type of problem to which the operational 
calculus is applicable and Heaviside's method 
of solution may be illustrated in a sufficiently 
general manner for didactic purposes in con
nection with the solution of the system of 
equations 

(1) 

where the coefficients ajk arc in general poly
nominals of the form 

d d2• 
a1k = a;11 + f3111 dt + 'Yilt dt' + . . .  

and the a, (3, 'Y coefficients are constants. 
We are concerned with the determination of 

the variables x1 . •  x" as functions of the in
dependent variable t for the following boundary 
conditions; the known functions F1 . .  F" and 
the variables x1 • .  x., are identically zero for values 
of the independent variable t L 0. In other words, 

Copyright, 1922, by American Telephone and Telegraph Company 
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the system is initially in a state of equilibrium 
when the " forces " F1 . . .  F, are applied. These 
boundary conditions are extremely important 
in physical problems. 

Owing to the linear character of the equations 
we may without loss of generality set all the 
F functions equal to zero except one, say F1 (t), 
and write 

The solution of equations (3) for the pre
scribed conditions may be made to depend on 
the auxiliary equations in the auxiliary variables 
h1 . . .  h,.. 

a11h1 + . . .  + a,,,h,, = l 
. . . . . . . . .  · · . · · · · · · · (t > O) (4) 
a,.,h1 + . . . + a,.,.h,. = 0. 

The function on the right hand side, written, 
in accordance with the Heaviside notation, as 
unity is identically zero for t <o and unity for 
(?__0 and h1 . . .  h,. are identically zero for t<O. 

I t  may then be shown that1 

x; = � .£1 F (t - y) h;(y) dy, (j= 1, 2, . . .  n) (�) 

so that I he solution of (3) depends en ti rely on ( 4). 
Equations ( 4) formulate the problem actually 

dealt with by Heaviside who did not explicitly 
consider the more general equations. His 
method of attack was as follows; Writing p" 
for the differential operator d" / dt1 equations 
(4) become formally algebraic and yield a purely 
symbolic solution 

] 
lz; = 

H,(p)' 
(6) 

Equation (6) is the Heaviside operational 
formula; as i t  stands, however, i t  is purely sym
bolic and the problem remains to find the sig
nificance of the equation and to deduce there
from the value of h = h(t) as a function of t.  

Heaviside's method from this point on was 
one of pure induction. From the known solu
tion of specific problems he inferred general 
rules for expanding and interpreting the opera
tional formula: the body of rules thus developed 
for solving the operational equation may be 
appropriately termed the Heaviside Operational 
Calculus. 

1 This formula has been established in previous papers. 
It is briefly discussed in Appendix I. 

The contribution of the present paper to the 
theory of the Heaviside operational calculus 
depends on the following proposition and its 
immediate corollary.2 

The dijf erential equations ( 4), subject lo the 
prescribed boundary conditions, may be writ/en as: 

/tj = 0, for t < O  and j = 1 .  . . . n, 

for t �O. (7) 

The integral equation is an identity for all 
positive real values of p and consequently deter
mines h; (t) uniquely. 

It follows as an immediate corollary that the 
Heaviside operational equation 

h = 1/H (p) (8) 
is merely a shorthand or symbolic equivalent of 
the integral equation 

pH
\

p) 
= .[ 00 e-Pl/t (!) dt. (9) 

The significance of the operational equation and 
the rules of the Heaviside operational calculus are 
therefore deducible from the latter equation. The 
whole problem is thus reduced to the purely math
ematical problem of solving the integral equation. 

I t  should be remarked in passing thal, while 
the Heaviside operalional calculus has been 
elucidated in connection with the solution of a 
set of differential equations invoking a finite 
number of variables, it is not so limited in its 
applications. I t  is applicable also when the 
number of variables is infinite and to such 
partial differential equations as the telegraph 
equation. The foregoing theorem applies also 
to all such physical problems where an opera
tional formula h = 1/H(p) is deri,'able. 

Before discussing the solution of the integral 
equation (9) and deducing therefrom some of 
the rules of the operaLional calculus, a simple 
but interesting and instructive example of the 
way the operational formula is set up will be 
given. 

Consider a lransmission line of infinite length 
along the positive x axis and let i t  have a dis
tributed inductance L and capacity C per unit 
length. Let a unit voltage be applied to the 
line al the origin x = 0 at time t = O ;  required 

2 See Appendix I. 
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the line current I and voltage V a t  any point 
x at any subsequent time t. 

The differential equations of the problems are 

a a L - l = - - V ot ax ' 

a a C - V  = - - I. 
at ax 

Replacing 2- by p, we get ae 
le px I = '  I e- v  Vo. 

where v = 1 VLC and Vo is the line voltage 
at x = 0. 

Now by the conditions of the problem V0 
is zero before, unity after time t = O;  hence 
the foregoing equations are operational formulas 
and by (!J) 

1 C - f! -100 e-P1 I (t) dt p \ I e v - 0  x , 

! e-� =loo e-P'Vx (t) dt. 
p 0 

The solutions of these equations are ob,·iously 

Ix = 0 for t <x/v, 

v., = 0 

= 1 

for t?_x/v, 

for t <x/v, 
for t�x/v, 

which are, of course, the well known solutions 
of the problem. The directness and simplicity 
of the solution from the definite integrals is, 
however, noteworthy. 

By virtue of the foregoing analysis the 
Heaviside operational calculus becomes identical 
with the methods and rules for the solution of 
integral equations of the type 

l/pH(p) = ;:00 e-PIJi(t) dt (9) 
to which brief consideration will now be given. 

An integral equation is, of course, one in 
which the unknown function appears under the 
sign of integration; the process of determining 
the unknown function is the solution of the 

equation. Integral equations of the form of 
(9) were first employed by Laplace and may be 
referred to as equations of the Laplace type. 
More recently they have become of importance 
in the modern theories of divergent series and 
summability. The solution of a large number 
of integral equations of the Laplace type 
has been worked out; however the procedure 
is usually peculiar to the particular prob
lem in hand. Jn this connection it is note
worthy that, from a purely mathematical stand
point, Heaviside's operational calculus is a 
valuable contribution to the systematic solution 
of this type of integral equations. That is to 
say, methods which he developed for the solu
tion of his operational equation suggest sys
tematic procedure in the solution of the integral 
equation (9), as might be expected from the 
relationship pointed out in the present paper. 

As stated above a large number of infinite 
integrals of the type appearing in equation (9) 
have been worked out. Consequently the 
solution of (9) can frequently be written down 
by inspection. When this is not the case, 
however, the appropriate procedure is usually 
to expand the function 1/pII(p) in such a form 
that the individual terms are recognizable as 
identical with infinite integrals of the required 
type. 

An in tercsting expansion of this kind and one 
which is applicable to a large number of physical 
problems is as follows: 

Expand I/pII(p) asymptotically in the form 
of the divergent series 

This expansion is purely formal and the series 
is divergent. f t  is summable, however, in the 
sense that i t  may be identified with its generat
ing function 1/pIJ(p). It is also summable in 
accordance with Borel's definition of the sum 
of a divergent series by the Borel integral3 

;:00
dt e-P'L a,.tn/n! 

This suggests that the!=e two series are equal 
and consequently that 

i sc<: Br.>:nwich, T1�)ry of Infinite Szrie3, pp. 2S7-2j) 
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The solution is therefore 

h (t) = L: ant"/n! 

provided this series, which is called by Borel 
lhe associated function of the divergent ex
pansion, is itself convergent .  This is  the case 
in all physical problems to which this form of 
expansion has been appliecl.3 

The foregoing will be recognized as identical 
with Hea\'iside's power series solution, obtained 
by the empirical rule of identifying l/p" with 
t"/n!  in the asymplolic expansion of 1/H(p). 

Another form of solution of very considerable 
practical value depends on a partial fraction 
expression which can be carried out in a large 
number of physical problems. I l is 

l/pH (p) = a +  b/p + c/p2 + LA.t/(p - Pk) 

where a =  ( l/pH(p) ) p-co , 
b - [ <l p J - dp H (p) P - o. 

c - [ p J - II(p) p - o. 

1 Ak = . p,Ji' (pk) ' 

and P1 . . . Pn arc the roots of H(p) = 0. 
By virtue of this expansion• lhe solution 1s 

'"" ePkl 
h (t) = aP + b + ct + L. p,JI'(Pk)' 

where P denotes a " pulse 1 1  at the origin t 0 ;  
that is, 

p = 00 

= 0  

J00 Pdt = 1. 

at t = 0, 

for t >0, 

In the usual case where a = c = 0 and b 
l/H(O), this reduces to 

'"" ePkl 
h(t) = l/H(O) + L. PkH'(P.t)' 

which will be recognized as the celebrated 
Heaviside Expansion Solution. 

i See Appendix I I .  
' The terms a+c/p! i n  this expansion were suggested 

by Dr. 0. J. Zobel and must be included in a number of 
important problems in electric circuit theory. 

As illustrating the Aexibility of the integral 
identity (9), another form of solution will be 
given which is often of value in practical prob
lems where an explicit solution cannot be 
obtained. Suppose that l/pH(p) can be written 
as 

1 1 1 
pH(p) = 

PH1(P) . PH2 (P) 

and that functions '11 (t) and h2 (t) can be found 
which satisfy the equations 

} =J00e-P1h1 (t)dt 
PI-l1(P) o 

Then the required function h(t) is given by 

h (t) = f)i1 (t - y) h2 (y) dy (10) 

by Borel's Theorem (Bromwich, Theory of 
Infinite Series, p. 2 0).5 

As a final example of the foregoing discussion 
we shall consider a specific problem of some 
practical interest in itself and which involves 
Heaviside's so-called " fractional differentiation 11 

and his resulting asymptotic solutions. The 
physical problem is as follows: a " unit-voltage " 
(zero before, unity after time t = 0) is applied 
through a terminal condenser Co to an infinitely 
long cable of resistance R and capacity C per 
unit length. Required the Voltage V at the 
cable terminals. 

The operational formula of this problem is 
easily deduced; it is 

v = v'P{a 
l + v'p/a where l/Va = Co VR/C. 

Consequently the integral equation can be 
written 

100 e-1>1V (t) dt = _! y'pja 
o P 1 + VP/a 

1 1 
- P 1 + v'a/p 

' This formula is quite useful ; it is applied in the solution 
of the last example of this present paper. 
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Taking the last form of 1 /pH(p) , expanding 
asymptotical ly and recognizing that 

l/p11 + 1  = 1«> e- iJttn/n ! dt 

Joe (2t)n di 1/p• VP = e- Pt -= 
· 0 (2n - 1) (2n - 3) . . . 1 v 7r! 

the resulting senes solution can be recognized 
and summed as 

/a r' e- oy V(t) = eat - \j ; e•' Jo VY dy 

= � ; eal f 00 �: dy. 

The last expansion by repeated integration by 
parts leads to the asymptotic series given by 
Heaviside. I t  is easy to show, also, that the 
series is truly asymptotic in the sense that the 
error is less than the last term included. 

Another mode of procedure, however, sug
gests i tself, which ,  by the aid of equation (10) 
gives the solution directly without senes ex
pansion . We have 

1 
pff(p) 

where 

and 

1 100 -- = e- Pt h 1 (t) dt P - a o 

-1- / � = 100 e- Pt h2 (t) dt. p - a \J p  o 
Consequently h1 (t) = e•1, and since 

_I_ loo - pt - ;--
VP 

= 0 e v I /7r t at 

i t  follows at once from ( 1 0) that  

h2 Ct> = I � e"' 11 e- ay _a;_ . � 7r · o V Y  
The solution h (t) = h 1  (t) + h2 (t) agrees with the 
preceding derived from the asymptotic ex
pansion , and is considerably more direct and 
simple. 

It is interesting to compare this solu t ion with 
Heaviside's own operational solu tion (Elec
tromagnetic Theory Vol . I I ,  p. 40) which 

amounts to the following. The operational 
formula is written 

� p 1 - ;-v = -- - -- v ap. p - a  p - a  
The first term is discarded altogether and the 
second written as 

v =  ( 1 - �r1 vp/a 

- (i + � + (�) ' + . . . ) VP/a. 

Identifying Vp with 1 /V 1rt and pn with 
d" / dt" the expansion becomes 

v = ( 1 -� (�) + G) (�) Ct) - · 
. . ) �7r�t· 

which agrees with the foregoing and is the actual 
asymptotic expansion.6 

The foregoing discussion is sufficient, i t  is 
hoped , to show the place of the integral formula 
(9) in relation to the Heaviside operational 
calculus. I t  is believed to be particularly 
applicable in connection with a number of 
questions relating to divergent series and 
solutions which Heaviside's work h as raised 
and which have received too little attention 
from mathematicians. 

APPENDIX I 

A proof of the integral formula 

1 /pH(p) = .£00 e- P1 h (�) dt (9) 

can be made to depend very simply on the 
formula 

d 1' x (t) = dt 0 F (t - y) h (y) dy. (5) 

This equation may be regarded as well estab
lished and can in fact be deduced in a quite 
general manner by syn the tic arguments. I t  is 
derived and employed in papers by the writer 

6 The procedure by which Heaviside arrived at the 
foregoing asymptotic solution is not, however, al ways 
S'.:> fortunate. For example if  a termino.l inductance is  
substituted for the terminal condenser of the preceding 
problem, precisely the same procedure gives an incom
plete result.  Heaviside recognized this and added an 
extra term without explanation (Elm. Th. Vol. I I ,  p. 42) 
but his solution appears to be doubtful in the light of 
some recent work by the writer in applying the formula 
of the present paper to the same problem. 
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(Trans. A. I .  E. E., 1911,  pp. 345--427, and 
Phys. Rev. Feb. 1921, pp. 1 16-134) and is 
deducible at once from the work of Fry (Phys. 
Rev. Aug. 1919, pp. 115-136). 

On the basis of equation (5) the deduction 
of formula (9), in which, however, no pretense 
to rigor is made, proceeds as follows; 

If the function F(t) in equations (3) is set 
equal to eP', the complete solution (5) includes 
the particular solution7 

eP'/H(p) 

which involves t only through the exponential 
term. The complete solution must, therefore, 
admit of reduction to the form 

x(t) = eP1 /Ii(p) + y(t) (a) 

where y(t) is the complementary solution. 
Now equation (5) may be written, when F(t) 

= er', as 

x(t) = !!:_ eP'i' e-PY h(y)dy dt 0 

= *'{eP'
.
£00 e-PYh (y)dy- ePtj"° e-PY h(y)dy} .(b) 

Now the first term of the expression involves 
t only through the exponential term while the 
second term involves t through the lower limit 
of the integral which ultimately vanishes and 
therefore includes no term involving t only 
through the exponential. Consequently the 
first term of (b) is identifiable as the particular 
solution of (a) and by direct equation it follows 
that 

l/plJ(p) = .£"° e-PY ft(y)dy (9) 

which is the required formula. 
The most important restriction which is 

implicit in the foregoing is that in splitting up 
the definite integral of (5) we have tacitly 
assumed that h(t) is finite for all values of t ;  
a restriction which is  necessary in order that 
the infinite integral shall be convergent for 
all positive real values of p. This condition 
is satisfied in all physical problems and there
fore introduces no practical limitation of im
portance. 

7 Provided ll (p) =I= o. This restriction is of no conse
quence in physical problems, where the roots of H (p) 
are in general complex with real part negative. 

However, even when this restriction does not 
hold formula (9) may be valid and uniquely 
determine h(t) if p is restricted to values which 
make the infinite integral convergent, or when 
the problem is such that e-pi h(t) is an exact 
derivative. As an example, suppose that 

1/H(p) = _P_ 
p - a 

where a is a real positive quantity. I t  may be 
otherwise shown that h(t) = e01 and formula 
(9) becomes 

_1_ =1"° e-<p-a)t  dt 
p - a o 

which is valid when P>a. 

APPENDIX II  

The discussion in the text does not pretend 
to be a proof of the power series expansion in 
any strict sense. A more satisfactory dis
cussion proceeds as follows: 

We assume that l/H(p) can be formally 
expanded in the series 

cc 

La.
/p• 

0 

We shall here introduce a necessary restriction 
on the function 1/H(p). I t  must include no 
function which is represented asymptotically 
by a series aJI of whose terms are zero; that is 
a function4> (p) such that the limit, as p ap
proaches 00 1  of p" 4> (p) is zero for every value 
of n. The function eP is such a function. 
(See Whittaker & Watson, p. 154.) 

With this restriction understood, start with 
the integral (9) and integrate by parts; we get 

1 
1"° ll(p) 

= h(o) + 0 e-P1h<ll(t)dt 

where h'"> (t) = d" /dt h(t). 
Tow let p approach infinity; 111 the limit 

the integral vanishes and 

h(o) = 1/H( oo )  = ao 

from the asymptotic expansion. 
Integrate again by parts; we get 

p(l/H(p) - a0) = 1i<1>(0) + .£00 e-Pt!z<2>(t)dt. 
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Now let p again approach infinity; in the limit 
the integral Yanishes, and the right hand side, 

by virtue of the asymptotic expansion, ap
proaches the limit a1, whence ho> (o) = a1. 
Proceeding in this manner, repeated integra
tions by parts establish the relation 1i<"> (0) = a,.. 
But provided the series is absolutely conver
gent, then 

h(t) = L hM(o)t"/n! 

"". L a,.t"/n! 

which establishes the formula. 
The power series solution is applicable to a 

large class of physical problems and has been 
rigorously established under certain restric
tions by other methods than that employed 
above (see papers by Bromwich, Phil. Mag, 
May 1920, p. 407; Fry, Phys. Rev. Aug. 1919, 
p. 115; and the writer, Trans. A. I .  E. E. 1919, 
p. 345). 

On the basis of the preceding and with the 
aid of formula (10), expansions of the type 

1 
100 1/pH(p) ro Vp L: b,.jpn + I  = 

J 
e-P1h(t)dt 

which occur in physical problems, can be dealt 
with. For since 

and 

L b,./pn + t  = 100 dt e- PI L b,.t"/n! 

1 roo 
VP = Jo e-P' dt/..J;rl, 

it follows from (10) that 

1 [' dy 2: 
h (t) = -r= b,.y"/n! 

V 7T  o .../t - y  

1 <"' b,.(2t)" 
= ...,;;t L..t (2n - 1) (2n - 3) . . l '  
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