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THE LOADING OF TELEPHONE
CABLE CIRCUITS.

INTRODUOTION.

In any telephone circmit there are at least four factors
which exert a marked influence upon the transmission of the
electric impulses, waves or rapidly alternating currents, which
are convertible into speech by means of a telephone receiver.
These factors are : —

(@) Resistance.

(5) Inductance.

(¢) Electrostatic capacity.

{d) Leakance (reciprocal of insunlation resistance).

There is no definite relationship between these quantities
in the sense that if three be known the fourth can be deter-
mined ; consequently, the investigation of their joint influ-
ence upon the transmisgion of speech is a matter of some
complexity. It is not, however, so complex but that anyone
acquainted with the ordinary laws connecting the well-known
electrical quantities may follow the consideration if a little
mathematical knowledge be possessed.

Four quantities have been named above; but there are
others not so obviously included. When any current of
varying strength —particalarly one of high frequency such
as a telephonic current——flows through a circuit, eddy
currents are produced in any mass of conducting material
near the main conductor, and such currents react upon those
producing them so as to retard the rige and fall in strength.
Again, if there be iron near the main conductor, the iron
will be reversely magnetised with each alternation of the
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current, and for every cycle throngh which the magnetisation
is carcied there will be a definite hysteregis loss in the iron.

So far as the main, or telephone, circuit is concerned, there
is a certain loss of energy due to eddy currents and the
hysteresit in the jron. It should be noted that these losses
are absolute and not comparable with inductance and capacity
effects in which energy is stored, notlost. The energy lost in any
circuit is proportional to ¢?r, where ¢ is the current strength
and R the resistance. If eddy currents and hysteresis losses
produce the same effect as a reristance in limiting the
carrent strength, they may be represented by a resist-
ance, and, clearly, such a so-called resistance is an
addition to the ordinary resistance of the circuit as measured
under steady current conditions. The term effective resistance
is used to denote ohmic resistance (or that offered to steady
currents) plus that due to the effect of eddy currents and
hysteresis,

In any ordinary telephone circuit consisting of overhead,
underground or submarine wires revolved, without special
treatment, the effective resistance is not very much greater
than the ohmic resistance ; indeed, the difference is so small
ag to be practically negligible. Do nof, however, imagine
that this is the case where inductance or loading coils are
placed in a circuil, or where inductance is increased by coaling
the conductor with maynetic malerial, such as o layer (or
layers) of iron wire. As will be mentioned later, the effective
resistance in these cases is vastly different from the ohmic ;
either owing to the presence of the mass of iron used in the
loading coils and the copper of which the coils are formed, or
to the mass of iron distributed uniformly over the conductor
ag the case may be.

The subject of effective resistance has been emphasised early,
because it iz a matter of the utmost importance, and is
unfortunately overlooked by many observers. = Methods of
increasing the inductance of a circuit are not difficult to
find ; the real difficulty i3 to devise a method of introducing
inductance without largely increasing the effective
resistance.

In circuits free from iron, the inductance may be regarded
as constant for all carrents and frequencies ; but if iron be
present, as in the case of circuits loaded with iron core coils,
this is not absolutely true. By properly selecting the
quality and arranging the quantity of iron or other magnetic
material nsed, a very close approximation to uniformity of
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inductance values for all important telephonic frequencies
may, however, bes obtained. In wha’ follows, it will be
naderstood that the inductance considered is that measured
at the frequency assumed in the particular cases ; but it may
at once be stated that for all frequencies between 500 and
2,000 per second, the loading coils (with or without iron)

used in practice are constant in inductance for telephonic
currents.

Part I

Any treatise on algebra dealing with exponential and
logarithmic series will show that, if—

1 1
e_1+1+E+E+...&c.,

2 .2 3 23
then Me‘“‘=M(1+ax+ alix + alf +...&c.)

where M is a constant.

If this expression be differentiated with respect to «, then

3 2 4 3
M=n(o+a+a2a;+“ o+t +..&c-),
dz E K]
@t adad

B +E+...&c.),

=Ma(1 + az +
= M q¢?®.

Pat y = me 2%, and the following relation is obtained—
dy
—L = ay.
dx 4
From this it is arguel that when the rate of increase of

any quantity, y, with respect to another, z, is proportional to
itself, it obeys the relation —

Y = M 6%,

If a further step be taken and the expression for M ¢ be
differentiated twice, then—

a2 M 0%
i Yy — d( a ) =M a‘.! eax,
dx? uz
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or, since Yy = Meo%,
Py
da?

Thig is all very straightforward when one meets with
¥ = M¢?%, but when one begins with an equation such as—

= a?y.

it does not follow that— .
Y = M ¢ simply.

Let Y = Me™ + Ne oz,
dy
then 7'/ = M G ¢" — N a& %,
d*
and Tz{ = M a? ¢ 4 N a2 e,

= @® (M ¢** + N ¢ %),
a?y. -
By trial, therefore, it is seen that—
Y = MW 4 N g o
is a solution of the equation—
d?y
dz®

(See Boole’s “ Differential Equations,” Second Edition,
Chapter IX, page 194.)

As a matter of fact, one may put y equal to as many terms
in e as one pleases, 80 long as the powers to which ¢ is raised
are kept equal to az and —ax respectively.  In the above
expression M stands for the algebraic sum of all the coefficients
of terms in ¢** and N represents that of all the coefficients of
terms in ¢%%,

Proceeding now to the consideration of a telephone cir-
cuit, let it first be understood that every sound used in
normal speech is composed of a number of superposed sound
waves. Suppose three of these waves to be as shown by
@, b and ¢ in fig. 1, the resulting wave would be of the form
shown by d. It i$ unnecessary here to enter into detail as
to the manner of converting sound waves in air into currents
of electricity, of varying strength, in an electric circuit, but

= a*y.
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it i8 essential to bear in mind that if perfect telephonic trans-
mission is to be obtained, the circuit must be capable of
transmitting cuarrents, the variation in the strengths of
which, if plotted, would show the same resultant wave form
as the speech wave itself—such as d, fig. 1. The variation of

a

WA
V

Fia. 1.

telephonic voltages and current strengths clearly may be
assumed to obey the general laws for periodic E.M.F.’s and
currents of high frequency.

The following symbols will be used hereafter, others being
employed and defined as required :—

R = effective resistance in ohms per mile of loop.

L = effective inductance in henrys per mile of loop.

K = electrostatic capacity in farads per mile wire to wire.

§ = leakance in mhos per mile wire to wire. (Or

reciprocal of the insulation resistance in
ohms per mile wire to wire.)

p = 2 n times the periodicity per second.

In fig. 2, let A B be a looped circuit ; at A let there be a
means of impressing an alternating EM.F. Take any
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extremely small length of the loop —say, at P—and call
it A 2. Suppose that, at the instant considered, the upper
wire as viewed in the figure,is abt a positive, and the lower
at a negative potential ; and, that the dotted lines represent
the way in which the potentials change along the wires. of
the loop in the neighbourhood of . Next, for the sake of
convenience, imagine the short length A 2 to be re-drawn on
a very enlarged scale as in figs. 3 and 4. Consider, first,
fig. 8. If ¢ be the instantaneous current strength in the
length of loop Az, then the fall of potential difference

between the wires in the direction A to B (see fig. 2),0r therise
from B to A, due to the joint effects of the resistance R A zand

the indactance L Az, will be cRAZz + LA 'f; , 80
that, if v be the difference of potential at the right end,
that at the lefbwill bev + (o + 120 ) az 4s

Az is extremely small, no grave error will arise if it be
assumed that the instantaneous difference of potential
between the upper and lower wires of the short length is v,
and that A v represents the small change of potential
difference between the ends of Az. In which case, and con-
eidering B to A—

do
AV = (CR+LW)A'£,

Av ac
=CR + L T nearly,

and if A z be made less than any assignable magnitude then,
absolately—
do

av_
%—CR+L‘%. N )
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Now, consider fig. 4 ; where the length A z is the same ag
in the preceding case. The leakance between the
two wires will be sAz, and the electrostatic capacity

B
| T
8
g cy 1
y i
%l;: - ~Azx —-m———- - 5
s ) :
5 o |
! P SO
[ R .
Fia. 3
KA, If the instantaneous dl[ferenoe of potential

between the wires of the short length of loop be v, then
the current leaking across the dielectric from “wite to
wire will be v 8 A2,  In addition there will be required

[o==eeeeo. Ao <,
c+ SV*K"N)A:> c
''''' —t-Ax—-—-3
¢ qu(dt D) Aw | c
i
-—--i' --------
P
Fia, 4

a quantity of electricity to satisfy the electrostatic capacity

of the length Az, and this quantity, expressed as a
av

current strength, is equal to K A z - ~. If ¢ be the current

at the right end of the short length of loop, then that at the

left end will be ¢ + (sv + K tflt )Aw The decrease of

currentstrength from A towards B (see fig. 2), or the increase from
B to A due to the combined effects of leakage and capacity, will

av
therefore be (s V+EK-—5 ) A z. Again,az Az igextremely



10 THE LOADING OF TELEPHONE CABLE CIRCUITS.;

small, no grave error will arise if it be assumed that the
instantaneous current strepgth in the wires of the short
length of loop i8 ¢, and that A ¢ represents the small change
in current strength between the ends of A z. In which case
and considering B to A—

av oo v
AC= (SV K —)Auw, bl
( + dt) '
AcC av -

E=SV+Kﬁnemly,
and if, ag before, A # be made less than 'any ‘assignable
magnitude, then, absolutely—

dc av

%——.SV+K—EF. B )]
It i» from the equations (1) and (2) that the whole theory
of telephonic transmission, so far as lines, at least, are con-
cerned, is built up.

It is well known that in any circuit where the impressed
voltage is periodic, and a simple harmonic, if v represent the
instantaneous value of the voltage after time ¢, and if v,
represent the maximum value to which the voltage rises,
then—

V = Vp, 8in pf,
av

and =P Vin CO8 PI,

but P Va CO8 pf = p Vi 8in (90 + pi), i
= ip Vp, 8in pi, b SR
=1pV, :

where 7 represents /' — 1 and indicates the rotation of the
quantity to which it is attached through 90°. So that—

{iyi = ’i]/V.l -
Similarly it may be shown thet—

dc .

ﬁ = 1p C.

M »
Inserting these values 1n the equations (1) and (2) for

av do .
- and T resgectively—
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av .
717;=(JI{+119LO,
dc ,
71h—_=vs+szv,

or, %=(R+ipl;)0,....(3)
%:(S+1'pK)V. R ()]

The quantity ® + ¢ p L is an impedance, and if, as stated
above, 7 indicates the rotation of magnitude through 90°,
then the expression may be represented by a right-angled
t.;]iangle as shown in fig. 5, where 1 denotes impedance ; 8o
that—

I=R+tpL
or I = R + pP L%
" The quantity 8 4+ ¢ p X is the reciprocal of an impedance,
and is called the admitfance. It also may be represented by

Fia 5.

a right-angled triangle, as shown to the right in fig. 5, where
it is indicated by A. In this case—

A=28+ ipK,

or A= v + pPPKEL

Putting I=R+ ipL,

and A=28+4+ ipK

in the equations (3) and (4)— - .
dv < i:_ —,’ t -

=10C. . .4 A ¢ /
dr ’ L\,?’ ( ) {/

and A —av. M. FL (e
dx 3
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These equations, (5) and (6), show, for any element of the
loop, how the difference of potential between the wires
varies, and how the current strength changes. To determine
how the voltage and current strength vary with the distance
from one end of the circuit, it is necessary to differentiate
again with respect to distance. It will be convenient to
take any distance, x, from the receiving end of the circnit—
say, that shown in fig. 2—because, as this distance increases,
both voltage and current strength increase, and the unse of
negative gigns is avoided. Thus—

v _ | do
dz* dw ’
az ¢ av
and dz? =4 dx ’
Ingerting the values for ‘% and ‘%}-shown in equations
(5) and (6)—
av
e =TIAYV,
2
% =TI4AC
Let 14 = &2,
2
then % =a’v,
and d; (i =atc
&
Both of these equations are of the form—
a? 3
=

and from earlier considerations it is concluded that the solu-
tions are—
V = M¢*?® 4 Ne %,

— tazx —aw,
c M‘ ez,; 1+ N'e

As both v and ¢ vary in the same way, it is only necessary
to consider one of them. Let it be v.

Taking a particular point in the circuit, it will be seen
that the nearer it is to the sending end, or the greater »
Lecomes, the greater will be the term M ¢%, and the less will
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b The latter term, in fact, represents the reflected
waveor impulse from the receiving end. It will be assumed
that « is so great that N¢ 9* becomes negligible or, in the
alternative, that there is no reflection ; in which case—

V = M2,

All the following results will, therefore, be understood fo
apply only to the case where the whole energy received at the
end of the circuit is absorbed. In Part ILiwill be found the
description of & means of practically determining what is lost
by terminal reflections, &c.

The distance » has been taken as that between the element
under consideration and the receiving end of the circait. To
express the resulte, already obtained, in terms of the distance
from the sending end, it is only necessary to put « = m —d
where—

m = total length of circuit in miles,
« = distance of the point from sending end, in miles.

Taking V = M ¢,
then V= Mt m,
= M gun, g ad,

Now, at the sending end itself, 7 = 0, so that v then
equals M ¥, In other words, M ¢ is the voltage at the
sending end. Let this be represented by v,; then—

Vv=ved ., . ., ..

Tt has been stated that a? = 14, so, therefore, @ = /Ta.
But any quantity such as a® may be written equal to the
sum of two other squares ; thus—

a® = f3* + a? = 14,
and since « is at right angles to g,

=084 ta.
Ingerting this value for & in equation (7)—
v o=vV,e 6+ “)d,

=v,e B T ted | (8)

The factor ¢~ # ¢ represents a decaying quantity, and

indicates the way in which the difference of potential between
the wires of the loop decreases with the distance 4 from the
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sending end ; but ¢~ iad
De Moivre’s theorem —

e "*% = cosad — isinad,

is of a different nature. By

g0 that v = v, e"'pd(cos«x d — isin a d).

It is known that any quantity multiplied by cos a d +
¢ sin a d is advanced by an angle a 4 in a positive direction,
and that one multiplied by cos ad — ¢ 8in a d is retarded
or turned through an angle a @ in a negative direction. The
meaning of v = vye~ pd (cos a d — ¢ sin a d) is, there-
fore, that the difference of potential, v, between the wires of
the loop at distance d from the sending end is v, ¢~ #¢
where v, is the difference of potential at the sending end ;
and v lags behind v, by an angle « d.

It is scarcely necessary to emphasise the fact that the
greater the distance d, the greater will be the lag. It will
also be clear that, as the distance from the sending end is
increased, a point will be reached at which the voltage
between the wires is one complete cycle or period behind
that impressed at the sending end. Now, from the fact
that the phase changes uniformly with the distance, it follows
that the wavesare travelling along the circnit with a constant
velocity, and if at distance d the phase has been delayed
by one period, then—

ad =2,
and d= ~2—1
a

Suppose that f complete periods have been passed through
by the E M.F. at the sending end, then f — 1 periods will
have been passed thromgh by the difference of potential at
the distance ¢ where the phase is one cycle in arrear. Ob-
viously, the time taken for a wave to reach the point at
distance d is the same ag that occupied by one period. The
velacity, v, of the waves is, therefore, shown by—

2=

a

t
where £ is the time of one period. If there be f periods per
second, then / = 1 . \

7

L= 4
3

~

’
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27
So that v= 2 =~27f,

1 «a

T
also wave length = \ = M,
periodicity
2xf
N T = 27
= - F— —_ @ .

15

From the immediately preceding consideration, it will be
gathered that « is a constant which determines the velocity
with which the waves travel along the circuit, and from
equation (8) it will be seen that 3 is a constant determining
the attennation of the waves at any distance 4 from the

sending end.

a i8 therefore called the velocity constant.
J¢i . . attenuation ,,

It has been stated that—
@ = [ + o =14,
where 1= V&? + p*1?

and A= & + p' K},

therefore 32 + o« = v (B? + p*L%) (87 + p?K2). ..

Also’ a=ﬁ+ia=\/1—;
@B = =+ 27af =1A,
where I=R+IpL,
and A =8 4 ipK,

. (9)

therefore, 32 — a? + 2ia B = (R + i pL)(8 + ¢ pK),

=RS—p'LK + ip (KR + 8SL).

In an equation like this, the real and unreal quantities on
the one side are equal to the real and unreal on the other,

respectively ; so that—
f2—a® =Rrs—pLE. . . . . .

(10)
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By subtracting equation (10) from (9)—

2a?=V® +pL}) (¥ + PP K?) — (RS — p? LK),

e=Vilvert ) (7 ) - (s — PLE)], (11)

which is the expression for the velocity constant.
By adding together equations (9) and (10)—

28 = v (&2 + 215 (5 + K + (RS — pPLK),
B = ViV E+7 1) (B + K + (& s—p*LK)], (12)

which is the expression for the attenunation constant.

These expressions for the velocity and attenuation con-
stants were given by Mr. Oliver Heavigide ; see page 400,
Vol. II, ¢ Electrical Papers,” Macmillan, 1892.

PART II.

In this section of the paper, it is proposed to deal with
the application of the formul for « and /3 to practical cases,
and the simplification of the expressions where possible. It
will be convenient to divide telephone circuits, so far as the
lines themselves are concerned, into two classes : first, those
in which the inductance i merely that between the ordinary
wires forming the loop, which circnits are said to be unloaded,
and, second, those in which the inductance has been
increased by distribnting iron along the whole length
of the conductors, or in which inductance coils have been
inserted at regular intervals. Circuits of this second class
are said to be loaded; and coils used to increage the
inductance are known as loading coils.

Before proceeding further, it is necessary to emphasise
that any sound made in normal speech is complex ; iras-
much as it may be composed of a number of superposed
vibrations or waves, some having periodicities as low, or
lower, than 100 per gecond, and others ag high, or higher,
than 2,000 per second. These vibrations or waves should
be reproduced in their proper order or proportion in a tele-
phone circuit if good speech transmission is to be obtained.
Supposing all the sound waves at the sending end to have
been properly converted into periodic currents of electricity,
then, if all the variations of current strength reached the
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receiving end of the circuit in their proper order and pro-
portion, the reproduction of the quality of the original
speech—or articnlation, as it iz called—would be perfect.
An inspection of the formule for both « and 3 will show that
they each become greater with the frequency, which means
that waves of different frequencies are not transmitted with
the same velocity, nor are they subject to the same attenna-
tion. If, however, K R be made equal to sL,then the
expression for « reduces to—

a=p\/E—L=27rf1/ﬁ.

2
Now the velocity, v, = ~—Z I
L 2af 1
T Z2af VEL ~ VEL®

8o that, if K and I were independent of frequency, all waves
would travel with the same velocity. Again, on the same
assumption, namely, that K B = s 1, the equation for j3
reduces to—

B= VR,

which ig apparently independent of the frequency ; and, if
this be the case, all waves are proportionately attenuated.
When these conditions obtain, the circuit is said to be disfor-
tionless. In the first place, no ordinary substance used as
a dielectric, other perhaps than air, is known to remain fairly
constant in specific inductive capacity and leakance for all
telephonic frequencies ; while, if there be any iron in the
neighbourhood of the conductor, it is improbable—if not
impossible—that ® and 1 will remain constant for all
frequencies ; so that the distortionless circuit, so far as the
telephone engineer is concerned, is a thing at present impos-
sible of attainmsnt. Even supposing it were easy to attain,
gay, by increasing L or reducing s and taking into con-
gideration the absolutely lowest present known values for x
and R, in any case of practical telephony, it would be found
that the resulting attenuation would be so great, although
the articulation might be perfect, that the volume or loud-
ness of speech obtained would be too small on a lengthy
line to be of any commercial use whatever.

Ag the attenuation iz different for different frequencies,
it is necessary to state in every case what periodicity has
been asgumed. It is usnal to take an average frequency for

B
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telephonic currents, and to regard all the elementary waves
making up a complex wave ag being attenuated in thesame
way ag the average. What this mean value ig, is a matter
of some debate.  CGenerally, in this country, it is taken ag
750 periods per gecond ; but some place it as high ag 800.
For attenuation calculations the former will be assumed
unless otherwise stated. Later on, it is explained why,
when velocity is being considered, 2,000 is taken as the
periodicity.

Unloaded Lines.—Although underground -ecircuits, and
the like, are primarily being considered, it may be mentioned
in passing that in calculating the attenuation of an ordinary
overhead line the full formula for 3 should be used, as none
of the factors are negligible. In underground or snbmarine
cable circuits, however, the insulation resistance between
wire and wire is of a high order; rarely being as low as
5 megohms per mile, and often as high as 2,000. Generally,
then, s, the leakance, is not greater than 0:0000002 mhos ;
go that, without producing any appreciable error in the
results, S may be neglected. If this be done—

a=Viyg (Vi + 2L + p1),

B = V%J;K(JRT:-W— pL).u

These formule in cages where s is mnegligible are
applicable to all unloaded subterranean and submarine
telephone circuits possessing normal resistance, inductance
and electrostatic capacity. A further simplification is
possible in special cases, such as when the resistance of the
circuit is high compared with the product p L. The
inductance of any loop in an underground paper cable,
unloaded, may be taken as 0°001 henry per mile; conse-
uently, if » = 2« x 750, p L = 4'7 approximately. In
the case of 10 or 20 Ib. per mile copper conductor loops,
where the resistance per mile of loop is 176 and 88 ohms
respectively, it may be taken that /gZ 1 #* 17 = R nearly,

and that VR — pL = R nearly, with the result
that—
B=Vipk=.
It should, however, be understood that the result ig only

approximately correct, say, to within 5 per cent.
Loaded Lines.—In the case of circnits in which the
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inductance per mile of loop has been greatly increased 3y fhe
insertion of loading coils, a considerable simplification of the
formula for « and ( is possible. It should be noted that
the following consideration does not apply, at present, to
cases where the inductance is increased by winding iron
wire over the conductors. The reasons for making this
reservation are given in Part III.

In a properly loaded circuit the product p 1. is much
greater than R ; and in any normal underground or sub-
marine cirenit the product p K is much greater than s.

Take, first, the expression—

a= i [vVE +71)( +pP' ) — (RS — pPLE)]
and extract from it VR 4+ p? 12
———y B? \%,
VE + L7 =pL (1 + 27“2) )

and expanding this by the binomial theorem—

\/R2+02L2=2]L<1+ L + B &e.);
. 2p212 T 8ptrt tC TP

all terms involving higher powers than the square may be
ignored as being too small to make any practical difference
in the result, so that—

P r AL — R? )
VB 4+ P =pL (1 + CYCRE nearly.
Similarly, it may be shown that—
o T T o 82
Vst + PR = pK (1 + 57 K2) nearly.

The term V@ + PP L) (8T + PP KD)
then becomes L (1 + B ) K (1 +__S2_)'l
[p 2212) p 2P K
9 R? g2 82 R?

o R (1 ts P2 L? + 2 p? K2 4p4L2K2§'
The last term within the bracket is fo small a quantity

as to be negligible, and by multiplying out the expression

becomes —

2 p2 2 2w
2KL+7,RKL PPSEL
V' PNERE) 2 2 K2
R? K 82 L

—_ 22
= p’KL + 91 + oK
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The complete expression for a then becomes—

h"~'K [Sas
u—\/ PRI+ oo —Rb*l-//Ll\—l (13)
. K 5 L R S
_\/jr‘ —_
L 1 K 2
K? 57 RS
= Jj KL (1 + —
“\/ ( + 4 2 L2 4 p? g2 21}"~’KL)
S 4
= KL |L+ A T
j’\/ l— (’1)]4 ZpK)-]

If, as stated, pL be great compared with ®, and p k be
great compared with s, then—

R s . .
— ligibl
2L TIK i3 negligible,
and a=p VKL,

which result i3 nof to b2 compared with the one of similar
form given previously, because in this case it i nof assumed
that KR = S L.

Take next the expression for /3, and notice that it only
differs from that for a in that the last term under the
principal root siga is positive. Making the same assump-
tion as before in connection with the macrmtudes of pL and
7 K, the complete expression for 3 is (frorn equation 18)—

.;_V [p~KL+ LI\] (14)
KZ K §% 1 RS
- i T T
_VR‘K( b"‘)L‘ + ZSL)
1L K2 R? KR
/\/R"K <1+ SL >~
1L KR
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- (3 EIVE
=R+—LVK

This formula gives the attennation constant for any loaded
circuit provided p L be great compared with B, and p K oe
great with respect to s, ag is usually the case.

Methods of determining the values of R and L at different
frequencies are fairly well known, and for the particular
periodicity considered, we may, therefore, insert the measured
values in the above formula. This, however, is not the case
with s and k. Very little information is available respecting
the variation of electrostatic capacity and insulation resist-
ance with frequency. Further experimental investigation
appears to be necessary on the following points :—

(o) What is the periodicity which may be taken as the
mean of a speech wave ?

(b) Is this mean frequency the same for all types of
circuit, and if not, how does it vary ?

(¢) How do electrostatic capacity and leakance vary with
frequency in paper and gutta-percha-covered conductors
such ag are commonly used in practice?

In this paper it is not intended to discuss these matters,
owing to lack of information of a definite character. There
ir, however, one assumption which may be made with some
degree of safety : namely, that at any particular frequency
the ratio of 5 to K will be constant.

Let Z =,

then =,
2 L

In the present incomplete state of knowledge as to the
variation of X with frequency and of what the mean fre-
quency in any particular circuit ig, the only thing to be
done is to take K as being the same at all periodicities, and
by associating a large number of practical results to fix a
value to the constant 7, which most nearly fits the observed
resultse. This, as will be seen later on, has been done, with
the results that when the loading coils used have non-
magnetic cores, and have no magnetic material near them,
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n = 50 ; and, when the loading coils have cores of magnetic
material in the form of a closed magnetic circuit, then,
n = 80, give results sufficiently near the truth for present
practice in the matter of estimating what improvement will
be effected by loading a particular circuit. It must, how-
ever, be noted that these figures are based upon the obser-
vations made with the coils described in Part I11 ; where it is
mentioned that the effective resistance of so-called *iron-
core coils” is much less than that of the ¢ air-core coils”
for a given inductance. The difference in effective resistance
of thetwo types of coil for the same inductance may explain
the reason for the different value of the constant n required
to make the observed and calculated results agree. 'Ihese
matters require further thought and investigation, but un:il
such investigation has been made, it may be accepted with
confidence that—- coTes
(#) Where loading coils without maguetic esile are used,

R + 50L K
ﬁ_ 2 V-L—.

(b) Where loading coils with magnetic cores (such as are
mentioned hereafter) are employed,

R+ 80L K
p= 2 ENE,

Anyone who studies these formule, or, indeed, who scans
the practical results given in Patt I, wiil at once appreciate
the necessity for keeping the resistance R as low as possible
for any given increase in the value of the inductance L.

16 is very lamentable that little attention appears to have
been paid to Mr. Oliver Heaviside’s repeated indications that
inductance would be beneficial in a telephone loop. Some
eminent scientists appear to have recognised the importance
of the matter, amongst them being Prof. S. P. Thompson,
bat no definite information as to the mauner in which the
inductance might be efficiently inserted appears to have been
given uatil the subject was investigated mathematically and
experimentally in America by Prof. M. I. Papin, whose
papers are worthy of the most serious consideration ; they
are “ Transactions of the American Institute of Electrical
Engineers,” (¢) March 22nd, 1899 ; * Propagation of Long
Electrical Waves,” (&) May 19th, 1900 ; ** Wave Trans-
mission over Non-Uniform Cables and Long-Distance Air
Lines.”
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Other valuable work has also been done by Dr. G. A.
Campbell, see Pril. May., 1903, Vol. 5, page 813, “On
Loaded Lines in Telephonic Transmission.”

Lagrange in his * Mecanique Analytique,” Sec. partie,
Sec. VI, Lord Rayleigh in his * Theory of Sound,” Vol. I,
pages 238 and 284, Prof. Routh in his *“ Advanced Rigid
Dynamics,” page 260, and many others have investigated
the propagation of waves along uniformly loaded strings.
They show, in effect, that if a long, thin stretched string be
taken and loaded by small weights at equal distances along

Fia. 6.

its length, it will vibrate practically as though uniformly
loaded if there be not less than « loads per wave length ; or,
that the string will transmit waves when the length of each
wave is such as to include = loads. Of course, the closer the
loads, the shorter will be the wave length which the string
will be able to transmit.

Prof. Papin and Dr. Campbell each seem to have recog-
nised an analogy between the behaviour of a loaded string
under ténsion, fig. 6, and that of an electric circuit, fig. 7,
where the inductance coils inserted at regular intervals take
the place of the loads on the string.  The papers of the able
investigators referred to will throw all necessary light upon
this matter. Because the inductances inserted in an electric

————6—6—

Loaded single wire

R

Loaded. logp
Fic. 7.

circuit limit the wave length which can be transmitted, in
the same way as the loads upon a string limit the wave
lengths which it will transmit, they are regarded as loads
and the coils are called loading coils.
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Working upon this analogy between the transmission of
waves along a loaded string under tension, and a loaded
electric circnit respectively, it will be accepted that there
must be at least = coils per wave length in the circuit. To
obtain sufficiently clear speech for practical purposes, it is
essential that waves having a periodicity of 2,000 per
second should be transmitted ; there must, therefore, be =
coils per wave length at thig high frequency. This fact may
be made use of in establishing a simple rule for the minimum
distance apart for the loading coils selected to serve any
circuit. Thus—

Wave length = A = 2T
a
If p be the distance in miles between the coils, then—
A 2

D= - =—=-—-
T a
But in a loaded circuit it has been shown that—
a=p VKL =22 f~vVKL

where f is the periodicity per second.

2
D= —
2z f VKL
_ 1
T f VKL
and D2=¥ﬁ1¥
w2 fPKL

Now let K, and L, be the electrostatic capacity in mirro-
farads and the inductance in millihenrys respectively per
mile of loop. Then—
10°

=
) w2 [2K Iy

But the inductance between the actual wires of any tele-
phone loop in practice is so small as to be negligible com-
pared with that added in loading the circnit ; so that L, may
be taken as the inductance per mile due to the coils. If,
therefore, 1, be the inductance in millienrys of each coil
used—
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and by substituting this in the above equation for p—

107
D = TR
77"/ Ky 112
109
or DK Ly = — ;.
wt JZ

Taking / = 2,000 periods per second—
DK, Ly = 25 3.

This result represents the worst permissible condition—
namely, that in which the-e are jush = coils per wave at
2,000 periodicity. It is better in practice to allow some
margin, so that commonly = f i3 taken as equalling 7,000,
which, according to the view taken,allows more than = coils
per wave at 2,000 periods, or allows shorter waves to be
transmitted at = coils per wave-length, If = f = 7,000,
then—

D K, L, = 20'4.

The general rule iz, therefore, that the product of the dis-
tance apart of the coils in miles, the electrostatic capacity’
per mile in microfarads, and the inductance per coil in
millihenrys should not be greater than 258, and need nok
be less than 20°4.

Part III

THE following known methods of loading a telephone loop
have been mentioned : —

(a) Coil Loading, consisting of the insertion of inductance
coils at regular intervals in the circnit ;

(8) Continuous Loading, consisting of the provision of one
or more coatings of iron wire, or other magnetic material,
upon each wire of the loop.

Coil loading will be first contidered, but, before proceeding
to state the practical results obtained and the method of deter-
mining the improvement due to loading, it may be desirable
to describe briefly the coils used and the method of including
them in cable circuits.

In the first instance, before the development of the
present-day magnetic-core loading coil, experiments were
made with inductances containing no iron or any other
magnetic material. The most recent form of such a loading
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the air-core coil are the following : — (/) The effective resist-
ance for a given indactance is high; (¢) owing to the
impossibility of encasing snch coils in metal, it is difficult to
make and maintain the cases in which they are placed air and
water-tight—conditions necessary in the upkeep of a modern
underground cable.

In the use of the so-called iron-core coils there are no such
disadvantages as those just mentioned. The coils, being
wound upon rings of magnetic material, haveno,or negligible,
external magnetic fields ; consequently they may be encased
in metal, and, provided a thin iron shielding plate be placed
between them as a precaution against electrostatic or
slight electromagnetic effect, may be placed one upon another
to any extent withont being subject to inductive interference
between themselves or from other sources. Moreover, since
metal may be employed, the cases may be made air and
water tight and darable. Oae of the most important points,
however, is that properly designed so-called iron-core coils
possess a much higher inductance than air-core coils for a
given effective resistance.

Although the expression * iron-core coil ” will be used in
future, it will be understood that the core may not consist of
pure iron. Such coils have one disadvantage—namely, that
if a current of abnormal strength from a telephone point of
view—say, 0'15 ampere—be passed through the circuit for
testing or other purposes, the cores of the coils are liable to
become permanently magnetised, in which case the indnet-
ance of the coils is lowered, and the effective resistance
increased ; a result naturally followed by a decreaze in the
efficiency of the circuit. This, however, is not a serions
matter, since any suspected permanent magnetisation of the
cores of the loading coils may be readily removed by one or
two applications of the following treatment :—Apply a
relatively strong alternating voltage to the circuit so as to
caunse a current of 0'2 virtual ampere to pass through it.
Then, by inserting resistance in the loop, gradually reduce
the current strength to less than 0-001 ampere.

In view of the foregoing facts, there is little doubt but
that the coil with a continuous and closed core of some
magnetic material will be the loading coil of the future.

There are several ways in which the transmission efficiency
of a telephone circuit may be measured, but the most satis-
factory in practice, so far, i3 that known a3 the method of
standard cable equivalents. By this method a length of



THE LOADING OF TELEPHONE CABLE CIRCUITS. 31

cable, the electrical and attenunation constants of which are
known, is arranged so that equal volumes or loudness of
gpeech are received from the same instruments through it and
the circuit under trial. The cable used as a standard of
reference ig called standard cable, and in this conntry consists
of a copper conductor, paper insulated, loop circuit enclosed
in a lead sheath and possessing the following electrical
constants :—

Conductor resistance " ... 88 ohms per mile of loop.

Electrostatic capacity ... 0054 mfd. per mile, wire
to wire.

Minimum insulation resistance ... 2)0 megohms per mile,

wire to wire,

Suach a loop possesses an inductance of 0°001 henry per
mile, and if this be taken into account in calculating the
attenuation constant by meansof the formulagiven for unloaded
circuits, the value 0°108 per mile is obtained. That the
attenuation constant for standard cable is 0'103 per mile has
been verified by many experiments. Any other normal type of
circnit may, of course, be selected as a standard provided its
attenuation constant be known. In practice artificial cables
adjustable by 1-mile steps, so that any value between 1
and 60 miles of standard cable may bz inserted, are used for
testing purposes. Each mile section of such cable has the
same electrical constants as a mile of actual standard cable,
and every artificial cable used is calibrated by comparison
with an actual standard cable laid uhderground ; the latter
being adjustable, as regards length, between the limits 1 and
100 miles by 1-mile steps.

The standard cable equivalent of any telephone loop may
be defined as the length of standard cable having the same
teiephonic transmission efficiency as the loop under test.
The general method of determining these equivalents is
illustrated by fig. 13. T and 7, are ordinary telephone sets
sufficiently removed from each other to make it impossible
for one speaker to hear the other except through the
telephone circuit. When the lever L of the switch s is in
the position shown in the figure, the telephone circuit is
completed through the adjustable standard cable; but if
moved in the reverse direction, the longer springs to the
right of the switch are forced apart, and the longer springs
to the left are released, so as to complete the telephone
cirenit through the loop under test. By this means an
instantaneous change-over from one circuit to the other is
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possible. Supposing the experimenter at T to have control
of the switch and standard cable, the ome at T, counts or
speaks in a normal and level toune until the observer at T has
g0 adjusted the length of standard cable that no difference
in the volume or londness of speech received can be detected
whether the standard cable length or the circuit under test
be spoken over, ¢.c., whether the switch be in one position
or the other. The result is afterwards checked by speaking

ADJUSTABLE STANDARD CABLE

HEE<ET
I — SK\C::A_.__—

LOOP UNDER TEST
Fra. 13.

or counting similarly from T, while the observer at T, listens on
each circuit, The length of standard cable through which a
volume of speech ig received equal to that obtained over the
circnit under trial is called the standard cable equivalent of
the latter.

1t not infrequently happens that the quality of speech—
or articulation, as it is called—which is received through the
loop under test differs slightly from that obtained at the end
of the equivalent length of standard cable. Astonishing as
it may appear to gome, it is nevertheless true that loading
produces a much greater effect upon the volume of speech
received than it does upon the grade of articulation. Over
any economically-loaded loop—namely, one in which there
are from = to, say, 5 coils per wave length at 2,000 periods
per second—the articulation of the received speech is not so
vastly superior to that received over standard cable as to
render it difficult, for a telephone engineer possesred of
normal hearing, to judge when equality of speech volume is
obtained through the loaded circuit and a length of standard
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cable, when the two loops are compared by the method
described in connection with fig. 13.

If the standard cable equivalent of a circuit be known, it
is easy to deduce its attenuation constant per mile ; thus :—A
certain loop 70 milesin length igequivalent to 20 miles of stan-
dard cable ; what is its attennation constant per mile ? The
loop is clearly 7$ = 8'5 times better than standard cable from
atelephonictransmission point of view,and its attennation must
therefore be 85 lessthan that of standard cable. If theattenua-
tion constant per mile of standard cable be 0-103, then that of
the loop under consideration is %% = 0-03 nearly. Themethod
of measurement above-mentioned is only applicable in cases
where a return metallic loop is available ; this is not a
disadvantage in practice, since in most telephone cables there
are two pairs of wires, and in many there are more than a
hundred. This point will be referred to in greater detail
later.

Only in exceptional circumstances is the measurement of
the standard cable equivalent of ¢ne particular length of a
given type of telephone loop relied upon for the purpose of
fixing its transmission efficiency. It is usual to measure as
many different lengths of the same type of loop as possible
and then plot a curve ; the ordinates being actual miles of
tested loop and the abscissee the relative standard cable
equivalents. In a cable containing many pairs such
different lengths as are required may readily be obtained by
joining the loops in series, to and fro, in the cable ; care
being taken first to prove that there is no inductive disturbance
between the pairs so joined in series. There are many other
points which might be referred to in a general way now;
but it will be better to treat them specifically as they arise
in the course of describing the practical results obtained.
It is proposed to begin with small underground conductors,
and afterwards proceed to the heavier ones.

The first case is that of a loop consisting of copper
conductors weighing, nominally, 20 lb. per mile. Each
condactor has an average diameter of 855 mils. The
electrical constants of the unloaded loop are as follows : —

Conductor resistance per mile of loop ... 85 ohms.
Electrostatic capacity ... ... 007 mfd.
Inductance ... 0001 henry.
Leakance ... Negligible,

If the attenuation constant per mile of this loop be calcu-
C
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lated from the ordinary formula for unloaded circuits—
namely :

B= \/%ﬁK(JR2+1}2L2—pL),

it will be found to be 0115 nearly.

The results of actual standard cable measurements on
different lengths of the unloaded cable are given in column 2
of Table I, and shown graphically by A in fig. 14.

1t will be noticed that the unloaded lengths are only 09
times ag good as standard cable for telephonic transmisgion
purposes ; the attenuation constant is therefore 2% = 0115

nearly, which agrees with the calcnlated result given above.
The cable was loaded by inserting iron-core coils at one-
mile intervals. KEach coil possessed an inductance of 252
millihenries and offered an effective resistance of 10°5 ohms
at a frequency of 750 periods per second. The standard
cable equivalents of various lengths of the loaded cable loop
were then measured ; the results being as shown in colnmn 3
of Table I, and as represented by curve B in fig, 14. This

TABLE I.—20-LB. ConpucTor LooP. Parer Core CABLE.

Standard eable equivalent in miles.
Mileage of loop
under test
Circuit unloaded. Circuit loaded.
10 110 6'5
15 —_ 100
20 215 110
25 —_ 120
30 335 140
40 440 16'5
50 | — 190
60 I — 220
70 ‘ — 25'5

ccurve, drawn through the points obtained by experiment,
represents the correct relation between the different lengths
of loaded loop tested, and their standard cable equivalents.
Reading, then, from the curve it is seen that the equivalent
cf the first 10 miles of loaded loop is 7°5 miles of standard
cable, but the addition of any 10-mile length to the loaded
loop only increases the standard cable eqmivalent by 8 miles.
The electrical constants of one 10-mile length are identical
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with those of any other equal length; the trme standard
cable equivalent of the first 10 miles of loaded circuit is con-
sequently equal to that of any added equal and similar length,
namely, 3 miles of standard cable. The value of the first
10-mile length, as shown by the curve, is 4'5 miles of standard
cable in excess of the true equivalent of 3 miles.

With the first length of loaded cable loop tested some
quantity is measured which is independent of the total length
of the loop ; smch quantity, not being a function of the circnit
length, must be dependent upon terminal conditions, .., upon
the type of apparatus employed. What really happens is
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that not all the energy received over a loaded circnit is
absorbed by telephone apparatus designed for use on
unloaded lines ; some of the waves are reflected and lost, so
far as their effect on the receiving instrument is concerned.
In the case of the loaded circuit now under consideration,
these reflection losses produce just the same effect ag the
interposition of 45 miles of standard cable in the loop,
and, since such loss takes place at the ends of the circuit,
it is called ferminal loss. Later on gome particulars of the
elimination of terminal logs will be given, but meanwhile
it should be noted that the magnitude of such loss is always
shown, in terms of standard cable, by the intercept between
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the origin and the point at which the curve, such as B, fig.
14, strikes the abscissa. Obviously, a curve such as ¢ in
the same figure will give the standard cable equivalent of
any length of the particular loaded loop exclusive of
terminal loss, for ¢ is parallel to B and passes through the
origin.

Excluding terminal loss, it will be seen that the loaded
circuit, as shown by experiment, i3 3-83 times better than
standard cable, and it: attenuation constant per mile is,
therefore, 2/ = 0 031 nearly. Now apply the formula—

p=R+80L  /x

2 L

which has been given for cases where iron-core coils are
used, and bear in mind (1) that the coil resistances at
750 p.p.S. have to be added to the conductor resistance of
the loop to obtain the value of R, and (2) that L includes
the inductance per mile possessed by the loop—namely,
0001 henry, as well as that introduced by the coils. Then—

5= (85 + 10°5) + (80 x 0°253) ,\/0 07 x 10—%
2 0253
= 00304 per mile.
This vaiue does not differ from that obtained experimentally
(0°031) by more than about 2 per cent.

The improvement due to loading iz obtained by comparing
the attenuation constant of the loaded circuit with that of
the same circait prior to loading. In the present case the
ratio is §i = 8°7 nearly. The improvement is 870 per
cent.

Wave length (A) has been shown in Part I to be equal to
9

27 and in Part IT, a for loaded circuits was shown to be,
a
a9 nearly as is necessary for practical calculations, equal

to p VKL. For a loaded circuit, therefore—
2= 27 1
T pVvEL  2xfVEL fVEL

It was also pointed out in Part II that to obtain clear
speech there must be at least = coils per wave length at
2,000 periods per second. Applying the wave length for-

mula just given, to the case of the 20-lb. conductor loaded
loop under consideration—

A
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1
2,000 v 007 x 107¢ x 0253
= 376 miles.

A=

As the coils were inserted in the loop at 1-mile intervals,
there were, therefore, 376 coils per wave as an average.
The articulation or guality of speech observed on the circuit
was good.

The foregoing examples have been somewhat fully dealt
with., It will be understood that the results given hereafter
have been arrived at by similar methods.

The next case of interest is that of a loop consisting of
copper conductors weighing, noeminally, 40 1b. per mile.
Each conductor has an average diameter of 50 mils. The
electrical constants of this loop, unloaded, were found to be
as follows :—

Conductor resistance per mile of loop ... 44 ohms.
Electrostatic capacity ... 0055 mtd.
Inductance ... e ... 0001 henry.
Leskance . . ... Negligible.

Calculating the at.benuatlon constanb per mile of loop from
the formula given for unloaded circuits, the value 8 = 0072
(nearly) is obtained. Standard cable measurements were
taken of different lengths of the loop, the results being
thoge shown in column 2 of Table I, and represented
graphically by 4 in fig. 15.

TABLE II.—40-LB. ConpucTOR Loor. PaPER CORE CABLE.

Standard cable equivalent in miles,
Mileage of
loop
under test. Circuit Circuit loaded Circuit loaded
unloaded. ‘ at l-mile points. | at 2-mile points.
|
179 126 — | —
306 216 130 ! 110
612 430 205 195
91'8 - 4285 280
122°4 —_ — 365
1530 —_ — | 50
|

The unloaded loops aie therefore 1:42 times better than
standard cable ; the attenuation constant per mile 18 conse-
quently %1% = 0-0725, which value nearly agrees with that

calculated.
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In the loading of this cable air-core coils were used, each
coil having an inductance of 100 millihenries and offering a
resistance of 15'4 ohms at 750 P.p.s. These coils were used
becanse they happened to be available, and, with the object
of obtaining information, were first tried at 1-mile poimnts
in the loops. The results of the tests are given in column 3
of Table 1I and represented by curve B, fig. 15. The stan-
dard cable equivalent of the first length of 30°6 miles of loaded
loop is 18 miles, while the mean equivalent of any other equal
length is only 7-8 miles of standard cable. The terminal loss
is consequently 18 — 78 = 52 miles of standard cable.

In order to save space let M .0, represent miles of standard
cable, and 8.0.E. denote standard cable equivalent.

Since 30°6 miles of the loaded loop are equivalent to
78 M8.0., the former are ©° = 3'92 times better than
standard cable, and the attenuation constant per mile of loaded
loopis %% =— 9°026. Applying the formula for circuits loaded
with air-core coilg, namely—

the following result is obtained :—
B = (44 + 154) + (50 x 0°101) /\/U 055 x 107°
2 0101
= 0 024 nearly, per mile.

The mecsured attenuation constant of 0-026 is roughly 8 per
cent. greater than that given by the formula. Thisis probably
due to the facts (a) that the spacing of the coils was
irregular to the extent of 10 per cent., although the average
distance between coils was 1 mile; (&) that there were
about twice as many coils per wave-length as usmal.

The wave-length in the loaded circuit will be found to equal
67 miles approximately, and with one coil per mile this means
67 coils per wave-length, at 2,000 P.r.8. The numerical
coefficients of 1., namely, 50 for air-core and 80 for iron-core
coils, given in the formule for the attenuation constant are
really meant to apply to cases where the average number of
coils per wave does not greatly exceed =. In the above case
there are wore than 2 = coils per wave-length, yet the dis-
crepancy between calculation and observation is not gerious.

The attenuation constant of the loop unloaded being 0-0725,
and that of the same loop loaded as degcribed being 0'026 per
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mile, the improvement due to the loading is 2= 28
nearly, or aimost 280 per cent.

In the next trial the same coils were placed in the loops,
but the distance between them was increased to an average
of 2 miles. The measured standard cable equivalents of
various lengths of loop up to 153 milesare given in column 4
of Table I, and shown by curve ¢ in fig. 15.

The results, briefly, are—

First 30 6 miles of loaded loop = 110 wms.c.
Hach . " " added = 85
Difference = Terminal loss = 25 Msc.

The loaded loops were, therefare, 26 = 36 times as good
as standard cable, so that the attenuation constant per mile is
01 — (-0286.

Before attempting to calculate the attenmation, remember
that the coils are 2 miles apart, and consequently only half
the resistance and inductance respectively of each coil have
to be added to the electrical constants per mile of unloaded
loop. Performing this calculation by the aid of the formula
given for use when air-core coils are employed—

5= (44 + 77) + (50 x 0051) /\/0-055 X 10°°¢
2 0051
= 00282 per mile.

This result only differs by 1*4 per cent. from the value
00286 given above and deduced from experiment. As the
attenuation constant per mile of unloaded cable was 0°0725, the
improvement due to the loading at 2-mile points is 253 per
cent.

The wave length in this circuit will be found to be
9-44 miles; so that, with one coil every 2 miles, there
will be 4'72 coils per wave length at 2,000 p.p.s. It is
noteworthy that the quality of speech received over the
loops when loaded at 2-mile points was not judged to be
inferior to that received when the same circuits were fitted
with coils at 1-mile intervals. Other points worthy of notice
are :—(a) When the circuits were loaded at 1-mile points,
g0 that the total inductance of the loop was 101 millihenries
per mile, the terminal loss was 5°2 M.8.¢. ; but when loaded
at 2-mile points, so as to reduce the inductance to 51
millihenries per mile, the terminal loss was only 2'5 M.8.0. ;
the lighter loading produces the lesser terminal loss. () The
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same coils were used for both 2 and 1 mile spacing. When
they were placed 2 miles apart, the measured attenuation
constant per mile of circuit was 00286 ; when placed 1 mile
apart, the attenuation constant per mile was observed to be
0:026. The telephonic transmission efficiencies of the two
arrangements are as 1 to 1°1, since they are inversely
proportional to the attenuation constants. It is clear,
therefore, that @ this particular case the loops are only
increased 10 per cent. in efficiency by doubling the number
of coils used, and consequently doubling the expense of
loading.

The average inductance per mile of loop in the preceding
case was changed by inserting the same coils, first at 1 and
then at 2-mile intervals in the circuit, bat in the trials
next described the inductance per mile was varied by using
different coils and keeping the spacing constant. The experi-
ments were made upon a lead-covered cable 12 miles in length,

TABLE ITL

Standard cable equivalent in miles.

Mileage of . . :
loop Cirecuit loaded at 2:44-mile points.
under test. Circuit
unloaded. Coil D, Coil E.
24 , 10 8 8
48 i 20 12 12
72 : 30 16 16
96 f — 20 20
120 - — 24
144 ‘ — — 28
L

containing 21 pairs of paper-insulated copper conductors,
each wire weighing 100 Ib. per mile and having a mean
diameter of 79 mils. The electrical constants of the unloaded
loop are :—

Conductor resistance per mile of loop ... 18ohms.
Electrostatic capaclty . . ... 0°055mfd.
Inductance . . ... 0'001 henry .
Leakance ... Negligible.

The attenuation constant as calculated from the ordinary
formula for nnloaded underground circunits is 0:042 per mile,
which indicates that the unloaded 100-lb. conductor loops
should be 0:108/0'042 = 2-45 times better than standard
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cable from a telephone transmission point of view. By
doubling to and fro in the 12-mile length of cable, different
lengths of circuit were arranged, and their standard cable
equivalents measured; the results are given in column 2 of
Table III. It will be seen that any 24-mile length of the
unloaded loop is equivalent to 10 miles of standard cable ;
therefore, the former must be 2'4 times better than the
latter. The attenuation constant per mile as deduced from
the experimental results is consequently 0-108/2°4 = 0043 ;
a value nearly in agreement with that of 0042 obtained by
calculation.

Some of the pairs in the cable were next loaded with air-
core coils of a type known as D, and others with coils of
similar make known as type E. The electrical constants of
these coils are : —

Typr D.
Effective resistance ... 10'8 ohms, at 750 p.p.s.
Inductance... .. 0070henry ,, .
Tyre E.
Effective resistance ... 134 ohms, at 750 B.P.S.
Inductance... .. 0083 henry ,, »

These coils were used, not because they were considered to
be the best possible, but for the reason that they were in
stock. The standard cable equivalents of various lengths of
the loaded loops are shown in columns 8 and 4 of Table III.
It will be observed that the results are identical. In each
case—

First 24 miles of loaded loop ...

3 MScC.
Each . " . added ... 4

”"

Difference = Terminal loss = 4 mMsc.

Either type of loaded circuit was consequently 24/4 = 6
times better than standard cable, and the attenuation constant,
therefore, is 0'103/6 = 00172 per mile. By calculation
from the formula for air-core coils the following values are

obtained :—
Coils D. 8 = 0'0162 per mile.
Coils . B = 00158 »

The circuits loaded with coils D and E, respectively, should
be almost equally good, so far as calculation shows, since
their attenuation constants only differ by about 2'5 per cent.
The beneficial effect produced upon the telephonic trans-
mission efficiency of the loops by the higher inductance of
coils E, as compared with those D, is balanced by the adverse
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effect of the high resistance of the former as compared with
that of the latter coils.

The calculated attenuation constant per mile of 100-lb.
conductor loop, treated with either of the inductances above
mentioned, does not differ materially from 0°0160, while the
measured constant is 00172 ; thus there is a difference of
about 8 per cent. between the calculated and observed values.
This is not remarkable, considering that, although the
average spacing was 2-14 miles, the actual distance between
one coil and another varied from 2'05 to 2'89 miles; a
difference of about 40 per cent. Whenever coils are very
irregularly spaced in a loop some loss results from reflections
between them. Wonder may be expressed at this irregularity
in spacing, and in explanation it may be remarked that at
the points selected for the insertion of the coils manholes,
jointing pits and other facilities were in existence. It was
not considered economical to construct new loading points
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by catting the cable, and providing new pits for the
accommodation of the coils, in order to obtain the slight
increase in efficiency which would have resulted from
uniform spacing.

The number of coils per wave at 2,000 P.p.s. will be
found to be about 5 in the circuits loaded with coils D,
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and 47 in those loaded with coils E. The articulation of
speech received over each type of loop was equally good.

At a time when little was known, experimentally, of the
extent to which a loop might be improved by the use of
loading coils, a long series of tests were arranged upon a
cable 885 miles in length with an intermediate office
19-4 miles from the end at which the observations were
made. Return loops of 2 x 385 = 77,0r of 2 x 194
= 888 miles could therefore be arranged, and by joining
several such loops in series considerable lengths of circuit
were obtained. The cable consisted of 100-lb. per mile
conductor loops, the wires being paper-insulated and
enciosed in a lead sheath. There were 28 pairs altogether.
The electrical constants of the loops before loading were—

Conductor resistance per mile of loop... 18 ohms

Electrostatic capacity ... oo 0055 mfd.
Inductance... ... 000l henry
Leakance ... . . ... Negligible

(The capacity of part of the cable was 005, and of the
remainder 006 mfd. per mile. The mean value of 0-055
was obtained by measurement on the whole 385 miles.)

Calculated from the usnal formula for unloaded subter-
ranean lines, the attenuation constant 8 = 0042 per mile.
The measured standard cable equivalents of different lengths
of circuit are given in column 2 of Table 1V, and shown by
curve A in fig. 16. The untreated loops are 2'27 times better
than standard cable ; the attenuation constant per mile is
therefore 0°103/2:27 = 0'045 nearly, which result differs
from that 0-042 obtained by calculation to the extent of
7 per cent. The cause of this discrepancy was not inves-
tigated, as, at 'the time the trials were conducted, it was
considered satisfactory if the observed and calculated
results agreed within such a percentage.

A few years prior to the date of the experiments next to
be described, the cable had been loaded with air-core coils.
The importance of regular spacing was not then fully
appreciated, and the loading points were very irregularly
distributed along the route, the distances between coils
varying as much as 60 per cent. The mean spacing
distance works ont at 1-1 mile. These old coils had to be
removed because the wooden caseg, originally employed, failed
to keep out moisture, and the insulation resistance of the
enclosed coils became very low. Whether the more modern
double wooden boxes, already described, will prove more
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effective has yet to be determined ; but it is very doubtful
whether any wooden case will last long in an underground pit
liable to flooding, and which in any circumstances alternates
in condition between * wet” and “dry.” The reasons why
air-core coils cannot be encased in any metal have been
stated already. After the old coils had been removed from
the circnits, and the cable wires raised in insulation resistance
by desiccation, the previousiy given trials were made on the
unloaded loops.

In the more recent loading of this cable some of the loops
were fitted with air-core, and the remainder with iron-core
coils ; the primary object being to determine which type of

TABLE 1V,
| Standard cable equivalent in miles,
Mll]?)sogpe of \ Circuit loaded at 1-1-mile points.
under test. Circuit I
ot
unloaded. Air-core coil F'. | &da-core coil 567,
388 17 85 80
770 34 142 126
1158 51 ' 200 179
1540 — 253 22°2

coil was the better as regards the clearness of speech trans-
mitted—7.c., which was the better from the * articulation”
point of view. A secondary object— but not less important
—was to ascertain what the most economical loading would
be, having regard to both the clearness and the loudness of
speech received. Incidentally, other interesting points were
investigated, such as the measurements of mixed circuits,
terminal loss, &c., all of which will be dealt with in due
course.

Confining attention to the main points, it may be explained
that the two types of coil uged in the comparicon tests were—

(@) Arr-corE Coirs, Tyee F.

Effective resistance ... ... 15'4 ohms at 750 p.p.c
Inductance ... ... 0°100 henry at 750 » p.s.

() Irox-CorE CoiLs, W.E. Co.'s T¥rE 507.
Effective resistance ... 54 ohms at 750 p.p.8.
Inductance ... ... 0133 henry at 750 ».p.8.
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It would occupy much too long a time, and too great a
space, to consider all the resultz obtained in the same
detailed manner as that hitherto adopted ; it is therefore
proposed to deal briefly with each experiment, and to give
a summary of the deductions after each table of results.
Only bear in mind throughout (1) that for air-eore coil
loaded loops the attenuation constant per mile is caleulated
from— _

.
8= }L+2_"”: K
L
and for thoge with iron-core coils from—
g = R +280 L l{
L
(2) that the decimal points shown in connection with the
measurement of standard cable equivalents were not due to
estimation during the trials, but were the result of the previous
calibration of the particular standard cables employed in the
tests. The steps by which the standard cable length could
be increased, varied somewhat as follows :—1-1, 21, 82,
4-3, &c.

Euxperiment (a). Coils were ingerted in the loops at 1'1 mile
(average) intervals ; some of the circuits being loaded entirely
‘with the air-core, and others with the iron-core type. The
meagured standard cable equivalents of various lengths of
each kind of loaded loop are given in Table IV.

The results are-shown by the curves in fig. 16. Reading
from the curves, the terminal loss and observed attenuation
are found to be as shown below :—

Air-Core Coil Loaded Loops.

Terminal logs = 8 m.8.c.

Excluding terminal loss, the loops are 6-9 times better
than standard cable. Observed attenuation constant is,
therefore, 0108/6'9 = 0:0149 nearly per mile.

Calculated 3 = 0°0141 per mile.

Coils per wave-length at 2,000 p.P.s. = 6°4.

; and—

Iron-Core Coil Loaded Loops.
Terminal loss = 3 M.8.C.
Excluding terminal losg, the loops are 8 times as good as
standard cable. Obgerved attenuation constant is, therefore
0°103/8 = 0°0130 nearly per mile.
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Calculated 8§ = 00110 per mile.
Coils per wave-length at 2,000 p.p.s. = 5°6.

The quality of speech transmitted over the two types of
circuit was very good. A direct comparison was made by
placing an air-core coil loaded loop in the position occupied
by the standard cable shown in fig. 18, and an equivalent
iron-core coil loaded circuit where the * loop under test”
is shown in the same figure. An instantaneous change-over
from one circuait to the other, by means of the switch, showed
that no difference existed between the types of loop so far
as the clearness of transmitted speech was concerned. This
observation indicates that the presence of iron cores in
loading coils does not adversely affect the articulation of the
speech received.

Experiment (b).—The same coils as were used in experi-
ment (4) were next re-arranged so as to be at an average
distance apart of 2'1 miles. Again, the actual distance
between the coils in each loop varied about 60 per cent.
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Table V shows the results obtained upon different lengths of
each type of loaded circuit, and from these results curves
B and.c in fig. 17 have been drawn.



THE LOADING OF TELEPHONE CABLE CIRCUITS. 47

TABLE V.
Standard cable equivalent in miles. Circuits
. - loaded at 2°1-mile points
Mileage of loop
under test.
Air-core coil F. Iron-core coil 507.
388 90 80
770 147 12'6
115'8 20'1 163
1540 25'3 . 216
1628 306 253
2310 358 306
2698 41-2 343
3080 475 391

From the curves, the terminal loss and observed attenuation
appear to be as follows :—

Air-Core Coil Loaded Loops.

Terminal loss = 8'7 M.8.0.

Exzcluding terminal loss, the loops are seven times better
than standard cable. Observed attenuation constant
= 0103/7 = 0°0147 per mile.

Calculated 3 = 00147 per mile.

Coils per wave-length at 2,000 P.p.5. = 46.

Iron-Core Coil Loaded Loops.

Terminal loss = 3-8 M.8.C.

Excluding terminal loss, the loops are 8'7 times better
than standard cable. Observed attenuation constant —
0°108/8'7 = 0°0118 per mile.

Calculated 3 = 00120 per mile.

Coils per wave-length at 2,000 P.P.s. = 4.

The quality of speech received over each type of loaded
circnit was the same and very good.

Experiment (¢).—The coils were redistributed in the
loops 80 as to be at an average distance apart of 3-2 miles.
In this case the actual variation in the spacing was 31 per
cent. The following Table VI gives the standard cable
equivalent values of the different loops as measured.

These results are shown graphically by the curves in fig.
18, and the conclusions, so far as observed results are con-
cerned, are :—
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Air-Core Coil Loaded Loops.

Terminal loss = 54 M.8.0.

Excluding terminal loss, the loops are 6'9 times better
than standard cable.  Observed attenuation constant

010369 = 0 0149 per mile.

Calcalated 8 = 0°0160 per mile.

Coils per wave-length, at 2,000 p.p.8. = 3°7.

TABLE VI.

Mileage of loop ’

Standard cable equivalent in miles. Cirecuits
loaded at 8'2-mile points.

under test. 1

Aar-core coil F',

Iron-core coil 507.

38'8 90

770 165
1158 220
1540 275
192'8 330
2310 384
269'8 436
3080 499

88
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198
231
286
319
363
415
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Iron-Core Coil Loaded Loops.

Terminal loss = 5'8 M.8.c.

Exclading terminal loss, the loops are 8'6 times better
than standard cable. Observed attenuation constant =
0'108/8'6 = 0°0120 per mile.

Calculated 3 = 00131 per mile.

Coils per wave length at 2,000 p.r.s. = 8 8.

The speech transmitted over similar lengths of each type
of loaded circuit was equally clear, and the articnlation
satisfactory.

Experiment (d).—Finally, the coils were inserted in the
loops at a mean distance of 4'3 miles apart. The actual
gpacing between the indmctances varied by 14 per cent.
Table VII shows the measured standard cable equivalents
of different lengths of each type of loaded loop.

Curves constructed from these results are shown in fig. 19,
the deductions therefrom, respecting terminal loss and
observed attenuation, being as follows :—

Air-Core Coil Loaded Loops.

Terminal losg = 5 6 M.8C.

Excluding terminal loss, the loops are 6'2 times better
than standard cable.  Observed attenuation constant =
0+108/6-2 = 0°0166 per mile.

Calculated 3 = 0'0172 per mile.

Coils per wave-length at 2,000 P.P.8. = 32,

TABLE VII

Standard cable equivalent in miles, Circuits

. loaded at 4'3-mile points.
Mileage of loop
under test.
Air-core coil F. Iron core coil 507.
388 98 110
770 ! 179 16'8
1158 | 24'2 239
1540 300 %75
1928 352 319
2310 412 380
269°8 ' 47'5 437
3080 | 54'8 47'5




50 THE LOADING OF TELEPHONE CABLE CIRCUITS.

Iron-Core Coil Loaded Loops.

Terminal loss = 66 M 8.C.

Excluding terminal loss, the loops are 7-5 times better
than staridard cable. Obsgerved attenuation constant =
0°108/7°5= 00137 per mile.

Calcuiated 3 = 0°0143 per mile.

Coils per wave-length at 2,000 p.p.8. = 28,

In this case the speech received over either type of loaded
circuit was of a very inferior quality—too bad, indeed, for
commercial purposes.

Although the spacing of the coils in each of the four
experiments just described was irregular, the distance varia-
tion between air-core and iron-core coils in the respective
loops was the same. A very general comparison of results,
therefore, may be permitted.

The attenuation constants per mile observed in the above-
mentioned experiments (@) to (d), together with the corres-
ponding calculated values, are summariged in the following
Table VIII :—

TABLE VIIL
Attenuation constant per mile.
Average
distance
between Air-core coils F, Iron-core coils 507.
coils.
Miles. Observed. i Caleulated. ' Observed. ' Calculated.
i
11 (:0149 ‘ 00141 0-0130 00110
21 00147 00147 } 00118 0:0120
32 00149 00160 | 0:0120 00131
43 0-0166 00172 00137 00143

'

From this table and the results and curves (figs. 16 to 19)
previously given, it will be seen that with any given spacing
the attenuation constant per mile was less for the iron-core
than for the air-core coil loaded loops; or, in other words,
the ‘loudness of speech ” received over a given length of
the former was greater than that received over an equal
length of the latter type of circuit. This result is quite in
order, ag the iron-core possessed a higher inductance, and
offered a lower effective resistance than the air-core coile.
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Since coils constructed with solid cores of properly selected
magnetic material (so-called iron cores) introduce less resist-
ance into a circuit for a given inductance than do air-core
coils, and at the same time transmit speech equally clearly,
they are the better type of loading coil. To remove doubt
upon this point, compare experiments (#) and (¢). Air-core
coils F at 2'1, and iron-core coils 507 at 8-2-mile intervals,
make the inductance per mile of loop 0 049 and 0°042 henry
respectively ; from which it would appear that coils F gpaced
2'1 miles apart should produce slightly better results than
type 507 at 3-2-mile intervals. The reverse effect was
found in practice, ag will be gathered from the results already
tabulated.

The observed and calculated results summarised in Table
VIII agree within about 9 per cent., except in the case of the
1'1-mile spacing with iron-core coils, where the cable was,
no doubt, overloaded. Leaving the 4'3-mile loading out of
consideration because of the inferior quality of speech trans-
mitted, and omitting the 1-1-mile spacing for the reason
that the loading was too heavy, attention may be confined
to the 21 and 3:2-mile treatment. As the attenuation con-
stant per mile of unloaded loop was 0°043, it will be geen
that the air-core coils produced an increase of ahout 300,
and the iron-core of approximately 370 per cent. in the
volume of gpeech transmitted over equal lengths of circuit.
The formuls= employed in the calculations are, therefore,
fairly accurate, since they enable the telephone engineer to
foretell an improvement of 870 per cent. correctly within
9 per cent. ; and this in the face of very uneven distribution
of coils. In passing, it may be noticed that when the coils
of either type were close together, the calculated were better
than the observed results; but, as the coils were placed
further apart, the observed became better than the calculated
attenuation constants. This change-over may be due to the
variation between too heavy and too light loading. Taking
into account the types of coil available, the cost and the
improvement produced, the 3-2-mile spacing iz the best in
the cable under consideration. -

As regards quality of speech transmitted, it will be noted
that, in each separate trial («) to (d), the iron-core coils
proved to be as efficient as those of the air-core form. It
has been emphasised that the minimum spacing of coils is such
that there will be rather more than » coils per wave-length
ab 2,000 p.p.s., and that thisis so seems to be confirmed by
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the observations which, for convenience, have been extracted,
and are given in Table IX :—

TABLE IX.
Average distance Coils per wave at 2,000 p.v.s.
between coils. Grade of
articulation.
Miles, Air-core. Iron-core,
o |
11 64 56 Very good.
21 46 40 v »
32 37 33 Good.
43 32 28 Bad.

The irregular spacing, no doubt, made the 4'3-mile
loading a little worse than it might otherwise have proved
from the “ quality of speech” point of view ; and in con-
gidering these results it shounld be remembered that the
clearness of transmission was judged mainly by comparison
with that obtained through equivalent lengths of standard
cable. In one other experiment in connection with articula-
tion, the loading coils were so selected and spaced in the
loops that all circuits were practically equal in inductance
per mile. The results are snummarised in Table X. It i
scarcely necessary to mention that any one loop was loaded
with only one type of coil.

TABLE X.
Inductance |
. : | No. of
Coil per mile of ! Wave il Grade of
spacing circuit | lengthin coils per rade o:
inmiies, including |  miles. } wave at articulation.
n colls, Henries.i . | 2000 pps.
1
2'1 0034 | 116 55 Very good.
32 0032 | 11°9 37 Good.
43 0032 1 119 | 28 Bad.

Nore.—Electrostatic capacity = 0'055 m.f. per mile of loop.
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The terminal losses observed are shown in Table XTI :—

TABLE XI.
Average distance Terminal loss expressed in miles of standard cable.
between coils. "
Miles. Air-core coils F. Iron-core coils 507,

11 30 3:0

21 37 38

32 54 58

43 56 66

The same apparatus was used throughout the trials, but
it is interesting to notice that (@) the terminal loss with the
iron-core was generally greater than with the air-core coils.
This is in accordance with the commonly-accepted rule that
the greater the inductance placed in circuit, the greater is
the terminal loss in apparatus designed for use on unloaded
lines ; (&) the loss became greafer with each type of coil as
the inductance in the circuit was made less by increasing the
distance between the loading points. These results are not
in agreement with those obtained in the tests upon the 40-1b.
conductor cable given in Table II and fig. 15 ; but until
more experience has been gained in connection with cables
differently loaded, it is not proposed to attempt an explana-
tion of the peculiar variations of ¢ terminal loss.”

The loss at the ends of a loaded circuit may be reduced in
geveral ways, typical methods being shown diagrammatically
in fig. 20. That denoted by (¢) is known as * tapering.”
The central and major porion of the loop i, say, loaded
with coils of 100 M.H. inductance, but at each end of the
circuit the indactance per coil is reduced, somewhat ag shown
in the figure. A decrease in terminal loss takes place, but,
owing to the fact that the inductance per mile of loop is
reduced at the ends, the improvement obtained by loading is
not really o great as when all the coils are equally high in
inductance. The one effect more or less counterbalances the
other, and, so far as present experience shows, this method
is not likely to be used in fatwre. In the arrangement
marked (b) the whole loop proper is loaded with the same
type of coil, but is extended at each end by a combination
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of resistance and capacity virtually comprising an artificial

unloaded cable. The extent to which terminal loss is
removed by this means depends npon the values of the added

s s o . s
T @ vaeenme
T (B) Temmnn Tains

{C) TERMINAL TRANSFORMERS
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registances and capacities ; if they be sufficiently high, all
the terminal loss may be removed from the loaded line. No
great benefit results, however, for the amount of artificial
cable required to remove all the terminal loss has as great
a standard cable equivalent as that of the terminal loss
itself. Most loaded lines in this country are subject to
extension by actual unloaded loops, and terminal loss auto-
matically disappears, but this point is mentioned again a
little later on. The method shown by (¢) in the figure con-
gists of terminating the loaded loop through one coil of a
specially designed transformer at each end, the telephone set
being joined to the other transformer winding. Such
apparatus are capable of appreciably reducing terminal loss,
but if not properly designed they introduce as much loss in
transformation as they remove from the termination of the
loaded circuit, and no net gain results. They may prove of
value in cases where telephones have to be fitted direct to
the ends of loaded loops, or upon junction lines subject to
extension by short subscribers’ lines.

There appears to be no necessity for the provision of any
special device for reducing terminal loss on lengthy loaded
frunks at present, for the reason that such circnits are
normally snbject to extension by other trunks, junction and
subscribers’ lines, and these are generally, but not always,
sufficiently long to eliminate the end loss. The details of



THE LOADING OF TELEPHONE CABLE CIRCUITS. 33

one experiment upon terminal logg removal by unloaded
extensions are given in Table XII :—

TABLE XIIL

1
Btandard cable
Lle&%tgd(’f equivalent of Terminal
loop, miles extensions each loss, M.s.C.
0B, ) end, Mm.8.C.

Type of coil.

|
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Many experiments have been made upon mixed circuits,
ie., those formed by joining lengths of unloaded aerial or
underground line in series with loaded underground loops.
So far as measurement by the standard cable method shows,
there is no loss due to joining loaded and unloaded lines of
any kind in series in any order. As typical cases, consider
the following three loops :—

(@) An aerial loop measuring 12°6 M.8.C.

(&) An underground unloaded loop equivalent to 7°5 M.8.C.

(¢) A loaded undergrovnd loop which, with terminal
losses, was equal to 14°8 M.5.C.

The sum of these measurements is 126 + 75 + 148
= 34'9 M.8.0.

The terminal loss on the loaded loop was 58 M.s.C.

First, the three lengths were joined in series in the
order (@), (¢), (6)—t.e., the loaded loop in the middle. The
observed standard cable equivalent from either end (a) or
(b) was 29 miles, or a reduction of 5'9 M.s.0. on the sum of
the equivalents of the parts. This merely means that the
terminal loss on the loaded length was wiped out, and 29
M S C. represents the trme equivalent of the combination.
Secondly, the same lengths were arranged in the order (),
(), (¢), i.e.,the loaded loop at one end. The measured
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equivalent from the aerial end (#) was 29 M.5.c. a8 before,
but that from the loaded end (¢) was 81'9 m.sc. The
latter value iz high because of the terminal loss at the end
of (¢).

In all of the hundreds of cases taken, it has been found
that, excluding ferminal loss on loaded lines, the standard
cable equivalent of any number of different loops joined in
geries in any order is equal to the sum of the equivalents of
the parts measured separately. This is of some importance,
but particularly in connection with the measurement of the
standard cable equivalents of differently designed unloaded
loops between the same towns, for, letting three such loops
be A, B and C respectively, suppose—

A + B =15 ms.0
B+C=19 ,
A+ C=12 "

then2’A + B + C) = 46 ,,

A + B + C = 23 Ms.c, and by subtracting the
observed values, the equivalent of each loop may be found.

Before leaving the subject of underground loading by coils,
it may be of interest to note one effort which was made to
determine what ill effect resulted from the irregular spacing
of the inductances in the trials, results of which were given
in Table VI and fig. 18. Two special loops were arranged,
one to include the most irregular portions of the loading,
the other to embrace the most regular. For equal lengths
of circuit containing the same number of coils the standard
cable equivalents were found to be 258 and 242 miles
respectively. There was thus a loss of about 6-5 per cent.
in transmission efficiency, due to the greater irregularity of
the loading in the one loop as compared with that in the
other. When it is considered that the more irregular of the
two circuits thus made up did not differ in its want of
symmetry from the more evenly loaded loop by an amount
equal to that by which the normal spacing differs from
perfect regularity, it will be agreed that 10 per cent. iz not
too high an estimate of the loss of efficiency due to the
normal irregular spacing. It is important that the loading
points should be spaced regularly, at least within 5 per cent.
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A coil may be regarded as loading a length of the loop
equal to half the normal spacing on each side of it. From
this point of view, the spacing of inductance coils shounld be
guch that the first and last are at a distance from the cable
ends equal to half that between any other two coils. This
procedure has the advantage that, should two similarly
loaded loops be joined in series, the spacing thronghout is
kept uniform. It also ensures that the terminal loss shall
not be abnormal, for it is found that the nearer the first and
last coils are to the ends of the circuit, the greater is such
loss. The balf-normal spacing lengths at each end, in fact,
act a8 small terminal tapers when speaking takes place over
the loaded loop only.

Conductors Insulated with Guita-percha.—Some writers
nave expressed doubt as to the applicability of the ordinary
formul® for loaded paper-insulated cable circuits to loops
insulated with gutta-percha. With the object of deter-
mining whether gnch doubt was justified, a practical trial
was arranged upon loops, each conductor of which weighed
40 b, per mile nominally, had an average overall diameter of
50 mils, and was covered with gutta-percha to a mean over-
all diameter of 176 mils. The electrical constants of these
unloaded loops were :—

Conductor resistance per mile of loop ... 44 ohms.
Electrostatic capacity ... ... 0°001 henry.
Inductance ... 0-13 mfd.

A total length of 105 miles of loop, made up of seven 15-
mile sections, was arranged, and each 15-mile section measured
as nearly as possible 16 miles of standard cable. The attenua-
tion constant per mile of unloaded loop was, therefore : —

0103 x 16/15 = 0°11.

By calculation from the ordinary formula for unloaded
lines the same value is obtained.

In loading these loops, air-core coils having an inductance
of 0°083 henry, and offering an effective resistance of 13-4
ohmsat 750 p.p.s., were placed in circuit at 1-5-mile intervals.
The gutta-percha wire wag placed in tanks and covered with
water, but the coils were kept dry, because the coil-cases were
not watertight. The standard cable equivalents observed
after loading were as follows :—

E
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15 miles of loaded loop . 130ms.c.

" " e o 190,
45 " " L -
60 " " T -
75 " Y e 374,
90 " " v .. 433,
105 " " e e 496,

These results are shown graphically in fig. 21.

-+

Fig. 21.

. From the preceding figures, or the curve, it will be found
that each 15 miles of loaded loop is as nearly as possible
equal to 6°1 miles of standard cable, so that the observed
attenuation constant per mile ig 6:1 X 0°103/15 = 0042
nearly. By calculation, using the formula for air-core coils,
the value 3 = 0048, nearly, iz obtained. It therefore
appears that the formula are applicable whether the insu-
lating material be paper or gutta-percha, but it should be
noted that these results were obtained with the gutta-percha
wire submerged. When the water was drained off, and the
wire allowed to dry, very variable results were obtained, no
doubt due to the well-known facts that the effective insula-
tion resistance of gutta-percha-covered wire, when dry, is
itself variable, and lower in value than when immersed in
water. Another interesting point in connection with these
experiments is that 45 miles of the loop used had an
insulation resistance of about 1 megohm per mile, while a
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second equal length had an insulation resistance of over
500 megohms per mile. A direct comparigon between these
lengths did not reveal any difference in telephone trans-
mission efficiency.

Continuous Loading.—This, as previously mentioned, is
generally effected by covering each conductor of the loop
with one or more layers of finely-drawn iron wire. So far
as is known, no practical experience of this type of loading
actual circuits has yet been obtained in this country, but
laboratory tests have been made upon short lengths. In one
experiment three equally long lengths were made up in the
following manner :—

1. Each conductor of solid copper, 79 mils in diameter,
and weighing 100 lb. per mile. Wires merely insulated
with paper to a given diameter.

2. Each conductor similar to those in (1), but covered
with three closely-wound layers of No. 16 S.W.G. annealed
iron wire, and then insulated with paper to the saine dimen-
gions as the loop mentioned in (1).

3. Each conductor consisted of a strand of seven copper
wires, the strand weighing 100 lb. per mile, covered with
three closely-wound layers of iron wire, and insulated ag in
the preceding case (2).

The general result of the experiment was to show (2) that
at 1,000 p.p.s. the effective resistance of the iron-covered
solid copper was 90 per cent., and of the iron-covered strand
64 per cent. greater than tha% of the untreated loop; (&)
that the electrostatic capacity of the iron wound loops was
roughly twice as great as that of the untreated loop ; (¢)
that the inductance per mils of the iron-covered loops was
0'0414 henry, while that of the untreated loop was only
0:0012.

The increase in the resistance with frequency is serious,
but, of course, the capacity might be reduced by increasing
the overall diameter of the insulation. In all probability the
iron wire used in the experiments was somewhat too thick, so
that no great notice will be taken of the results obtained.
Calcnlation showed that the attenuation constant per mile of
the iron-wound solid copper conductor loop was half that of
the untreated cirenit, 7.e., the iron wire produced an improve-
ment of 100 per cent., and its use may, therefore, be considered
in any case where the fitting of inductance coils is impossible,
It is not believed that the present known methods of con-
tinuous loading can ever be made as efficient as coil loading,
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for the reason that so much more iron isrequired to obtain a
given increase in inductance in the loop, and the iron is nob
used to its best advantage. Finally, the cost of iron-covering
such wires is high, and they take up much more gpace than
ordinary leops.

Some details of continnously loaded cables laid abroad
have appeared in various periodicals, but from what can be
deduced from the figures given, it would appear that much
of the efficiency claimed results from low conductor resist-
ance and capacity, and not from the presence of the iron
windings over the condumctor.* It is, however, hoped that
further information will be available shortly, when, perhaps,
a further paper may be contributed on the subject.

* Since this paper was read, telephone transmission tests have
been made on actual continmously loaded loops of considerable
length ; the improvement due fo the iron was found fo be 60 per
cent. for large condunctors, hut no doubt 100 per cent. increase in
spesking distance might be obtained upon loops made up of smaller
copper wires.
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