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THE LOADING OF AERIAL LINES
AND THEIR ELECTRICAL CONSTANTS.

The literature relating to Telephone Transmission
has grown rapidly in recent years, and there is now ample
information available for those who can follow the some-
what complex mathematics connected with the subject.
Notwithstanding the general information obtainable, how-
ever, the application of the laws of Transmission to
particular cases often renders special investigation and
experiments necessary, before a reliable conclusion can be
reached. This remark applies particulatly to the loading
of aerial lines in this country. In considering the trans-
mission efficiency of any circuit, three principal things
should be taken into account : —

(1) The attenuation constant of the circuit.

(2) The characteristic Impedance of the circuit
(i.e., the Impedance of a “long” line).

(3) The quality of the transmission in the circuit,
i.e., how far it departs from the distortionless
condition.

The laws regulating the loading of underground
circuits are now well understood in this country, and from
the general point of view, the loading problem is the same
for overhead as for underground lines, but there are
important differences of degree in these cases, and the
differences are such as to require experimental investigation.
As regards (1) above, the efficiency of an aerial loaded line
is theoretically liable to much greater fluctuations than that
of an underground line, owing to the much greater variation
of leakance in the former than in the latter. The amount
of this variation at alternating current frequencies corres-
ponding to those of the human voice, called in this case for
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special investigation. As regards (2) the Impedance of a
loaded aerial line is much greater than that of an under-
ground line, and the effects of reflection are correspondingly
serious, and repay careful investigation. Finally, the
quality of speech in an underground circuit is usually im-
proved by loading, but, from theoretical considerations, this
could not be expected in aerial lines, and observations were
necessary to ascertain whether actual deterioration of
quality occurred, and, if so, to what extent.

The problems of transmission are so complex and cover
so large a field, that notwithstanding all that has been
written, there may, I hope, be some advantage in presenting
the subject, as applied to loading, from a pont of view
which appeals to the writer as having some advantage on
the score of simplicity and clearness. With this object in
view, therefore, I make no apology for re-stating facts
which are not new.

The most essential things for the practical Engineer
to know in order to deal with the application of loading to
working conditions are indicated under (1) (2) and (3) above,
and I propose to attempt to throw some light on these
points as simply as possible before dealing with the experi-
mental part of the subject. Mathematical expressions for
the first two quantities are dealt with in the following pages
and are more fully developed in appendix No. 1. The
considerations involved in (3) are dealt with on page 13
under the heading “ Somne remarks on the distance apart at
which loading coils should be spaced.”

It will, perhaps, be of interest to first define loading.
In its perfect form, loading is the addition of inductance to
a telephone circuit in such a way that the circuit acts at all
frequencies, and at any instant, as if the current in it were
a direct current without any frequency effects. This does
not, of course, mean that the current in the circuit will not
be subject to attenuation, for in any leaky circuit, direct
currents, as well as alternating currents, are attenuated
Ideal loading simply corrects the distortion, and the
additional attenuation effects, which are due to frequency.
Such a circuit is said to be distortionless, because the
attenuation of signals is the same at all frequencies. The
study of this special case is instructive from the practical
int of view, although perfect loading is not attainable,
and I therefore propose to review the principal facts in
connection with it, ) )
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DISCUSSION OF THE DISTORTIONLESS
CIRCUIT AND THE MINIMUM ATTENUATION
CONSTANT.

As shewn in Appendix I, the attenuation constant is

B=~1vR + 2L (S + 2K+ HRS— p°KL).....(1)

and this applies to any type of telephone circuit, whether
it be loaded or unloaded, overhead, or underground.

Now, if a loaded circuit is to act as though only direct
currents were concerned, the effects of frequency must
d'sappear, that is, the frequency factor becomes 0. Equa-
tion (1) then becomes

B= iR+ 0) (S +0) + 3(RS~0) thatis

B= AIVRST 4 JRS =/ RS wooiieieiieeeeree e, (2)

and this is the least possible B for the given R and S. (See
Appendix 3).

Equation (2) has been obtained on the assumption
that the frequency of the current is nil; but it is easy
to show that 1f the circuit constants bear the relation
1.S = KR to each other, we obtain the same equation for 8
in the case of alternating currents at any frequency, z.¢.,, we
obtain the conditions necessary for a distortionless circuit
with the mynimum B. This is proved in Appendix 3 on the
assumption that LS = KR. _

This latter relation may easily be proved as follows: —

The characteristic 1mpeda.nce of any electrically long
telephone circuit is

RaL
J S = 2y 3)

(See Appendix I).

If we make the same assumption as before, .., that
p = o we get

R+o R
Zo= \/m=\/? ............ Gereiseiaiienes tereravens (4)
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z.e., the characteristic impedance of a distortionless circuit

acts as though it were \/ % But the characteristic

impedance is in any case really Z, = /31{—:»]75%

*. in the case supposed ,\/ 1; : ]] ; II<‘ / therefore

R + jpL R . _ . .
SR =S or RS + 7pLS = RS + 7pKR, that is

jpLS = jpKR
and LS = KR (at any frequency) .....c..ccccuueeennn. (5)

From formulas Nos. (2) and (5) an expression (No. 9)
is derived which is of great use, as it immediately leads to
a formula used in practical work.

The steps leadings to the derived formula are as
follows : —

KR
S = T I (6)
d R = —%(S—— from (5) ovvniiiiniiieii e )

Next, in equation (2) substitute the value of S from (6)
and we get

B = JR JR” RE-;@)

ButR = Ii'<s from (7)

LS
2R—'—K—‘+R
and R = 2

Substitute this value of R in (8) and we get
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) .
R+ =L
ﬁ=< zK_ .__> % ..................... ()

i.e, in any circuit whatever having the constants R, S, L
and K we have, by formula (g) the distortionless condition

when R = % L, that is we have the same B for all

frequencies, on the assumption that the constants them-
selves do not alter with frequency. Now, the equality of

R with SL

K is, as a rule, not realised mn unloaded circuits.

Generally speaking, % L is much less than R. The factor

—SK- L, however, may in such a case be made equal to R,

either by increasing S or .. This is obvious from inspec-
tion of (7). If S is increased, however, 8 is also in-
creased. This is' clear from inspection of the formula

B = VRS for if S be increased to S + S, where S, is
the increment added to produce the distortionless condition,

we have B = ¥R(S + S,). If, however, the distortionless
condition be produced in the same circuit by increasing L.

and not S, 8 = ¥ RS (See Appendix No. 3), which is clearly
less than R/ (S + S)).

Formulas (2) and (9) indicate a distortionless circuit in
the sense that the frequency factor 2 is eliminated, and to
avoid confusion the word distortionless is used in that
sense—yet in practice S always increases with frequency
and R increases largely in certain cases with frequency. It
has been shown that

S
__ R+ L g
VRS = —— T
when LS = KR. With that proviso, therefore, equation
(9) gives the minimum B and we can most usefully attain
1t by varying L or, in other words, by loading. With some
modifications now to be explained, this is the formula used
for practical work.
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A SIMPLE METHOD OF DEDUCING A WELL KNOWN
FORMULA FOR THE PRACTICAL MINIMUM g.

It will be useful to examine formula (9) a little more
closely.

If we suppose R, S and K to have a fixed value for
any circuit, L being variable, the equation is of the form

A + Bx C
2 z

A, B and C being constant and x variable.

We have seen that this expression is a minimum
value when A = Bx. The formula is a general one, 1t will
apply to any quantities whatever, whether electrical or not,
where A, B and C are constants and x 1s a variable. We
can now extend the use of the formula. Equation (g), as
it stands, 1s purely theoretical, inasmuch as we cannot
increase L. (as the equation assumes) without at the same
time increas'ng R.  Every loading coil added to the circuit
has resistance as well as inductance, but, in a well designed
coil, the increase in resistance can be made proportional to

the added inductance, so that the ratio i{l

1
is the effective resistance of the coil at a given frequency,
and with a specified current flowing through the coil, and
L, 1s the inductance in henrys in the coil). The frequency
taken m this case is 800 periods per second (generally taken
as the frequency which gives the same attenuation as tele-
phonic speech).

is constant (R,

Formula (9) now becomes

S
5o R+ R, + X L K
- 2 L
where R, is the added resistance of the loading coil. If
L, be the coil inductance and L the total inductance per

unit length, then when the natural inductance is negligible
(as in Cable circuits) and we have

R S
R+~~~ L+=L ;%
L, K N/——K—thatis
2 L
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R, S
R+<L1 +K>LN/K .......... (10)
B = 2 L
But, as stated above,—ll_{’—1 is a constant at a given frequency,
1
S
as also —IS<— is assumed to be, and, therefore, fi— TR

is a constant, the equation is, therefore, of the form
A + Bz C
2 x

and we have the minimum value of the equation when

Bx = A, that is when

<R1 _|__S__>L=R,orL=R—R—S ................. (11)
Ll K 1 + =
L, K

In the case of any circuit we wish to load, therefore,
we can always find the inductance which will give the
minimum B3 (Bm).

Formula (11), as stated, assumes that the circuit has
no natural inductance. In an overhead circuit, however,
this is not sufficiently accurate and it is necessary to consider
the matter more fully. It can be shewn that the best
mnductance for the circuit in such a case is

R. Xp,

L,
R,

L = S
_I:. + < (as is already known)

where L, is the natural inductance of the circuit.

Now the effect of E‘ L. on B may be neglected,
1

and in that case it is sufficient to use formula (11) and
deduct L, from the value of L given by the equation.” The
amount remaining after the deduction is the inductance
per unit length to be added by loading.

It may be remarked that formulas (g), (10), and
(18) hold good theoretically in cases where L is
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great in compar.son with R, and pK with S whether

R = (»II%I— + —IS{~> L ornot. For proof, see Appendix 2 and
1 /

Mr. A. W. Martin’s paper, “ The Loading of Underground
Circuits,” page 20). When equation 11 holds good, how-
ever, the 8 we obtain is the least possible with the particular
type of coil used. Formula (9) holds m practice for un-
loaded aerial copper circuits above 200-lbs. per mile in
weight. Formula (18), page 24, holds for all aerial loaded
circuits and No. (10) holds for any underground loaded
circuits if the conductors are not less than 40-lbs. per mile
in weight. Outside these limits the formula may not hold.
Formula No. (1), however, holds good in any case.

OBSERVATIONS REGARDING S/K.

If % can be regarded as a constant, then calculation

is materially simplified. A few remarks on the subject
may, therefore, be of use at this stage.

In submarine cable circuits for example, the dielectric,
after treatment in the process of manufacture, has a normal
leakance S, which can be pred cted if the capacity K of the
cable and the frequency # at which the measurement is made
are known. If either the capacity is varied by altering the
thickness of the dielectric, or the frequency is varied, the
relation between the quantities is usually taken to be such

that _S__ is a constant, and this is found to be very
2mnK

approximately correct. If, however, S varies independently

(say owing to low insulation) the relation does not hold, but

if in any case a given capacity, and leakance, at a given

frequency are known (as in aerial lines) we can in that

[imited sense again take S/K as a constant.

EFFECT OF LEAKANCE ON g.

In any series loaded circuit where pL is great in
comparison with R, and pK with S, leakance should be
avoided where practicable,

even in the case where an infinite amount of inductance
would be required to produce the minimum £ and an
amount of leakance would reduce the amount of inductance
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required. This is not always understood and I propose to
analyse the matter further. Equation (g) may be written

_R [K .5, [K
N +1<_L\/L
2

. R [K s [T
thatls—-z -f-—i—-z—— —I<—' ..................... (12)

|

But if S = o and pL is great in proportion to R (as it
usually is in loaded circuits) we see from Appendix 2 that

= e o e (12a)

that is to say the circuit may be distortionless without
leakance, and it may be seen by inspection that (12) is
greater than (12a) by the amount of the leakance factor on
the right of (12). In practice, the left hand member of (12)

and also (12a) takes the form 3—:—& \/ »E— but the

reasoming given above is not in any way altered by that

circumstance if Ei is constant. The outcome of the
matter is that if there be no leakance, formula (12a) gives 8
in a loaded circuit, but if leakance is present then formula
(12) must be used and this is equal to (12a) + the quantity
on the right hand side of (12). It is clear, therefore, in such
a case that leakance increases attenuation. In practice also
an increase in S would mean an increase in K, and this
would further increase the unsatisfactory effect produced
by an increase of S. Again, leakance is also a principal
cause of increase of attenuation with frequency in aerial
telephone circuits and is very objectionable on that account.
See Fig. (6). (In some unloaded telegraph circuits where
distortion is present and harmful, an mcrease in leakance
may, however, improve matters).

PRACTICAL FORMULA FOR MINIMUM §.

The formula here developed is sometimes useful in
practical work.
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In formula (10), when R = R, + S L we have
L, K
R S
= =)L
R+ <L1 * K> K
B= 5 T

I
S
k
r*\m
il
w
hlw
I
k
~
i

I
Z__
e
X
A b
+
|
SN
=
X
rlw

i.e., the minimum B, this equation is already known.

FORMULA SHEWING AMOUNT OF VARIATION FROM
MINIMUM B WITH A GIVEN INDUCTANCE.

On account of expense and to avoid high values of
impedance, it may not be economical to load a circuit fully,
and it therefore becomes important to find how far any
given inductance increases the value of 8 as compared with
the minimum B, and for this purpose I have developed the
following formula :—

Formula (10), as shewn, gives the 8 for the greater
part of loaded circuits. Dividing (10) by (13), we get

L L,
8 T, TAJT
Bm = 2

where L is now the inductance giving the minimum 8 and
L, any inductance selected for loading purposes and giving
a different B.
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If P, is the percentage of variation from the minimum

£ then L
P, =50 [< _II:_+ _Iﬁ1—>—2] ........... (19)

1., with any loading L,, the attenuation constant will vary
from the minimum attenuation constant Bme, which 1s
obtained by an amount of Inductance L by a percentage
P.. This percentage is shewn graphically mn Fig. 1.
Formula (13) is theoretically correct for cables, and requires
slight modification in theory for open lines, but, in practice,
it is also correct to within less than 2% for all open
lines. Although this formula gives the minimum B attain-

R,
L,
seen that there is interest in making these constants as
small as possible.

able with given values of + —IS<—, yet it will readily be

The full formula for minimum B in aerial Lines is

BszK<R—%Ln> <Iﬁ +%> ------ (142)

SOME REMARKS ON THE DISTANCE APART AT WHICH
LOADING COILS SHOULD BE SPACED.

The complex attenuation constant

a= VR + 72L) 5 + 72K weveeeireeeireennn, (15)

{See Appendix 1), implies not only that the current changes
in magnitude by a given percentage per unit length in an
infinite line, but also that the sine wave revolves through
a definite angle per unit length.

(15) may also be represented thus:
a=B + ja

The imaginary part of a (that is jo) merely states that
the wave has revolved a radians in unit. length, z.e., the phase
at unit distance d ffers from that at the beginning of the
line by that angle. Consequently, at any length 7 it differs
by a /radians. When o / = 27 then the wave has revolved
through a complete cycle. The wave length is therefore

........................................... (15a)

2 @
[+

l=
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If we know the frequency (7., the number of waves
impressed on the line per second), then the velocity (V) of
propagation 1s easily obtained, for the wave length 1s known

o - . . 1 .
and it is passed over in a time 7 = “a where # 1s the

number of waves per second. We have —i—- =V, and, by

substitution from (15a)

2w
a

=V

AN

2T n
[

Butz = —;— and ..V =
Nowa = p¥/KL
in most loaded circuits (See Appendix 4)
thatisa =272 VKL

2an 1

SV = e TOUUUIR PRI (16)
2any KL VKL

It is obvious from this, that the velocity becomes less
as the inductance is increased. The effect of the decreased
veloctiy is serious and costly from a loading pomt of view.
It can be inferred theoretically and proved experimentally
that as the line becomes more heavily loaded, the coils must
be spaced closer and closer® in order to maintain a uniform
clearness of speech with different values of loading, and
this, of course, means additional expense. It is of interest
to compare the rule adopted in different countries,

The rule adopted in England is the following for cable
circuits. It is based on experimental results. In the case
of overhead lines the clearness of speech is greater than in
the case of cables, and probably the figure may be a little
exceeded with safety. The ruleis

KDL must not exceed 25 ....covvvniiiininnnnn, ap

*

(See Kennelly’s Hyperbolic Functions, pages 148/155; Breisig—
Theoretische Telegraphie, page 328; Martin—Loading of Telephone
Cables, page 23; Prof. Fleming’s—Propagation of Electric Currents in
Telephone and Telegraph Conductors, page 130).
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where K is the capacity in microfarads per mile,
D the distance apart in miles,
L* the inductance of the coil in millthenrys.

In America, the rule is that the advancing wave must
strike not less than 7,000 coils per second. [See (16)].

These two rules lead to similar results, although the
American rule requires rather more coils and should, of
course, give a little clearer speech at a correspondingly
greater cost.

The German rule until recently was that the advancing
wave shall strike 10,000 coils per second.

I am not quite sure whether this has now been modified.

EFFECT OF LINE IMPEDANCE (INCLUDING
CHARACTERISTIC IMPEDANCE).

If a current, I, of a definite amount \27 = I (where
']

V is the impressed voltage and Z, the characteristic
impedance) be observed at the beginn.ng of a uniform and
long line, then, by consideration ot the attenuation constant
and the circuit length, the current at any other pont of the
line can be found. It frequently happens, however, in
transmission calculations, that the absolute value of the
current 1s not required, but only its relative value as com-
pared with the current in a standard line (the standard
cable). So long as the impedances of the lines compared
do not differ unduly (and this is largely the case in fairly
long unloaded lines) the relative efficiency of the lines may
be obtained by comparing their attenuation constants and
lengths. This remark, as a general rule, does not apply to
loaded lines. In such a case, loading materially increases
the impedance and correspondingly reduces the current
entering the circuit.

It can be shewn that the best loading for a short
line is not the same as that for a long line. Also,
if the telephone used is not of suitable impedance (the
best result is obtained when the receiving apparatus
impedance equals that of the line and has an angle equal
-and opposite to that of the line)* further losses arise. This

* See Kennelly’s “ Hyperbolic Functions,” Appendix J.



AND THEIR ELECTRICAL CONSTANTS. 17

part of the subject is dealt with in Mr. A. G. Lee’s Paper on
“ Telephone Transmission Reflection and its Effects,”
published in the Abstracts of the IP.O.E.E, and in Mr.
Aldridge’s Paper on “Practical Application of Telephane
Calculations,” read before the Institution of Electrical
Engineers last year (1913).

In the investigation dealt with in this paper the losses
were investigated experimentally and generally compared
with theoretical values.

DETAILS OF EXPERIMENTS.

TESTS TO DETERMINE THE ELECTRICAL CONSTANTS
OF UNLOADED AERIAL LINES.

The electrical constants of aerial telephone lines at
telephone frequencies are not necessarily those obtained
with steady currents. The formula for the attenuation
constant is only true when the values of R, L, S and K are
effective values, 7., the values obtained in Alternating
Current measurements at some particular frequency. In
the special case we are considering the frequency which is
generally accepted as giving the same attenuation as the
human voice is 800 periods per second. When such
measurements are decided upon, it is much easier to obtain
the required constants by observations on a relatively short
length of unloaded aerial line than on a similar line loaded,
but once having obtained the constants they are available
for use when such circuits are loaded.

In the case dealt with in this paper, a length of 30 miles
of unloaded aerial 300-lbs. copper circuit loop was kept
under observation from November, 1912, to February, 1913,
and a number of measurements were made from St. Albans
Post Office by means of a “ Franke ” machine (a description
of this machine will be found in the “ Electrician” of
October 24th, 1913). Tests were taken at different
frequencies varying between 2a7 = 3,000 to 277 = 7,000
(7 being the number of periods per second) in order to find
the amount of attenuation and distortion, as well as the
circuit constants. The following table shews how the
electrical constants of the circuit. as previously accepted
from D.C. measurements of the ohmic resistance, calculated
values of the mean capacity and inductance of such circuits,
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— EXPERIMENT ON 3500 LB AERIAL LINES —
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and an assumed figure for leakance, varied from the mean
results found by experiment : —

Mean values found by experi-
ment at frequency
Values hitherto used 207 = £,000
in calculation. = 5.0

= 800 periods per second,

nearly.
R 6.7 ohms 6.75 ohms
L o0.00355 henrys 0.00383 henrys
é( 0.008g microfarads *0.0098 microfarads
& 10 135

* Thé capacity as measured with direct current gave a similar
zesult in this case.

The mean observed B8 was 0-0057. The maximum was
0-00627 and the minimum -00522. The calculated 8 from
the constants given in the first column is 0-0056. Although
it will be seen that the mean figure obtained was very near
to that usually taken, it should be noted that under different
weather conditions the B8 varied nearly 109% above and
below that figure, giving a total variation of nearly 20%.
The cause of this variation was the different weather con-
ditions which prevailed at various times, but it is also
important to note that in these experiments the leakance at
alternating current frequencies was considerably greater in
very fine weather than that obtained by D.C. measurements.
This is illustrated by Fig. 2. It will be seen that
when the direct current loss was great, the difference
between the D.C. readings and A.C. readings was not great,
but when the D.C. insulation was very high, the A.C. insula-
tion was never correspondingly high. This is shewn in

S

another form in Fig. 3, where the ratio 1 is given for

different weather conditions. The result is interesting, but
more experiments are required before the ratio there shewn
«can be accepted as a general property of aerial lines. From
the practical point of view this difference in A.C. and D.C.
measurements loses much of its importance from the fact
that when the D.C. insulation is well under one megohm,
the difference between A.C. and D.C. measurements is
relatively small. It is a point towards the lower limit of
insulation that determines the practical value of a circuit
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EXPERIMENTS ON 300 LB. AERIAL LINES.
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from the point of view of transmission efficiency. The
practical outcome of the test is that whereas 1 megohm per
mile is usually taken as the mean figure, it was found in
these tests to be # megohm, at a frequency such that
2mn = 5,000. The importance of obtaining Insulators
having a higher resistance in damp weather will be
emphasised at a later stage. The observed and calculated
variation of B with leakance at different frequencies is
shewn in Fig. 4 and the observed figures agree over a large
range with calculated figures.

A typical case of the variation of B with frequency
on a given date and in the same weather conditions is shewn
by Fig. 5, which gives the result of tests made during this
series of experiments. The Resistance, Inductance, and
Capacity shewed only very small variation with frequency,
the vanation in 8 was, however, greater, and this is largely
due to the variation of leakance with frequency. This
variation is shewn in Fig. 6. It should be noted, however,
notwithstanding this variation, that speech over the un-
loaded circuits experimented upon was very clear in
articulation as compared with underground circuits, where
the distortion is much greater.

EXPERIMENTS ON AERIAL LOADED
CIRCUITS.

GENERAL OBSERVATIONS.

The aerial circuits selected for loading were two
300-lbs. copper circuits between Leeds and London, the
length of the aerial section, in the case of each circuit, being
200 miles. These circuits were selected as being free from
underground sections, directly accessible from London, and
of equal gauge. There are also on the same poles two
other circuits exactly similar in every respect, so that it was
possible to compare the loaded with the unloaded circuits
i different weather conditions. It was not possible to
obtain circuits of small gauge to fulfil all these conditions.
A mean figure for the constants of the circuits when un-
loaded has already been given.

The attenuation of these circuits as measured by alter-
nating currents at 800 periods per second is -0057, and this
agrees with calculated values very nearly.
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—— EXPERIMENTS -ON UNLOADED 300 LB.
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— EXPERIMENTS ON 300 LB. AERIAL LINES —
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It was known that the Western Electric Company stock
two types of loading coils specially manufactured for aeral
loading. These coils have an inductance of 265 mill'henrys,
and 160 mill henrys respectively, and are hereafter called
Coil No. 1 and Coil No. 2. The relation of effective resist-
ance (R,) to Inductance (I.,) in the coils 1s such that

Ll = 25 at a frequency of 800 cycles per second, for both
1

coils. The usual spacing for the former is 8§ miles apart,
and for the latter, twelve miles apart. In order to find
whether these coils are suitable for loading the lines re-
ferred to, it will be well to inspect the formule already

given. The attenuation constant is { from (12)

R + R, K S L
ﬁ=2— _L__,_T .-I<_ ................. (18}

and in this form it is evident from the right hand portion
of the formula that the leakance and inductance combined,
may materially increase the attenuation of a circuit when L
is large, or, in other words, in a loaded circuit, hence the
importance of knowing the value of S.

From formula (11), the best Inductance is
L- %7

where 6-7 is the circuit resistance and 51 = 25. If the
1

mean ——IS{— found during the tests on unloaded circuits be

taken, z.e., % = 135, then the above formula gives 0-042

henrys per mile as the best inductance to be used for load-
ing this circuit. Now the inductance per mile obtained by
using Coil No. 1 is iggs— = 033'1 henrys per mile. To
this must be added the natural inductance of the circuit,
z.e, 0038 henry, so that the total inductance used per mile
was 0-037 henry in this case. It may be verified from
formula (14) that the 8 obta‘ned by the use of this induct-
ance is within 19 of the best obtainable if the constants
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taken be accepted. During the experiments, however, an

SI’<— as high as 350 was observed and, in that case, the best
.. R

loading is L = 25 + 350

obtained by the use of Coil No. 2 was

=0.0179 henry. The inductance
-160

12
henry, and from formula (14) this gives practically the

minium B for S o 350 and R~ 25. It will be seen,
K L,

+ 0038 = 0171

therefore, that Coil No. 2 is suitable for use on lines with
relatively low insulaton if the attenuation constant only be
considered. It is, however. of great importance in the case
of aerial circuits to consider also the characteristic im-
pedance in the case of loading on account of its relative
magnitude as compared with the impedance of other
circuits.

The calculated characterstic impedance of the aerial
circuits in question when loaded with Coil No. 1 is 1900\0%24"
and of ’» n 2 1300\_103T
whilst the same circuit, unloaded, gives 637\8%5"

The significance of the characterist'c impedance will be
seen later when considering terminal losses, etc.

In view of the hum'dity of the atmosphere in this
country. it was decided to load one of the circuits referred
to with Coil No. 1 and a second c'rcuit with Coil No. 2 and
to determ'ne by experiment which was the more suitable
coil for the prevalent weather cond'tions. Accordingly.
London-I.eeds No. 6 Trunk Circuit was equipped with Coil
No. 1, spaced 8 miles apart, and London-Leeds No. 7 Trunk
Circuit with Coil No. 2, spaced 12 miles apart.

MECHANICAL DETAILS AND FITTING OF
COILS AND LIGHTNING PROTECTORS.
The leading coils are toroidal in shape and are enclosed

in strong iron cases specially adapted for attachment to an
auxiliary arm which 1s fitted at the top of the pole.

Fig. 7 shews an aerial coil and an ordinary under-
ground coil, both being unenclosed, the relative sizes of the















3

[0}

THE LOADING OF AERIAL LINES

-

ol s N AW
Nalo \/_wsm\_\:/_/_ \\) ﬂ\,
Hvu¢\ 5 W \
< 1
Ns_ L 1 b
R
1! I
!y Py A
\\L\T Lf
LENGh
&«f///{\ NP TN
2-
&
e}
[
O
H =
9
[
=M o
o
G wn
Z 1
Z
“ =
fas)
]
L]
-

Fic. 14.

PLAN VIEW

—]
Nz,

SECTION C.D.

IEPIIIIINIINIIIS

%

Y\\\\\V@
_—

verreagy

-
Ly

s
§\‘ -
N

z
{..

N

N

i

N AR
TN g o
Lo N ¥/
R )
! N
ED N z
PN 2
1L N +
rez 0
1R w
i
r.T:m iz

N

N

N




au” B2 A2 Al

Bllon Al)

AND THEIR ELECTRICAL CONSTANTS.

]
e
ADH

ctrg? A

Chrare A

n»...uunwwm.w.wm_uw _._.,- Qrzarorozni =/ o—ot=
= TR
AT T

’N/ m." H _——

L 7 A
N\ \ :
¢

@
“
s §
& [Infs <
X <
¢
g o]
5

PRAOTECTOR
Al A2 B2 B

(O

1=

Jio e wm

Cleat £

16, 10.

2027









34 THE LOADING OF AERIAL LINES

that B is plotted against % (the latter ratio being more

convenient for reference than leakance alone). Generally
speaking, when the leakance is small, the curve shews the
more heavily loaded circuit to be the best of the three.
For values of insulation between 400,0000 and 128 coow
per mile, however. the more lightly loaded circuit might be
expected to give the better result, and below that figure
the B is more favourable in unloaded c'rcuits. In practice,
the greatest value of leakance observed during the whole

S
of the tests was such that K was about 350, so that, so

far as those lines are concerned, the loaded lines might
have been expected to give the best result and this was
found to be the case.

The following schedule shews attenua‘ion constants
on one unloaded circu't and each of the loaded circuits,
during the month of April, 1913 :—

TABLE 1.
LONDON-LEEDS Nos. 6, 7 & ¢ CIRCUITS.
A.C. MEASUREMENTS.

. . Insulation
Loc%lelsty of Distance Clii_ B Resisiance S/K ﬁ;;m?n
From §t. Albans .il" ?\}Ium. mez?sured with 1;1: gagr}?erli%dss
to miles. ber. Per miile. L .(}:él(‘lglelﬁ)'l}ms per second.
Worksop 131 6 00312 19 45
33 3 2 00267 4. 16 65
2 »» 33 00233 2.27 95
3 1 s 00291 1.04 135
Doncaster 148 P 00310 5.34 55
Leeds 189 3 00283 81.3 44
Worksop 131 7 00390 38 43
Doncaster 148 s 00390 6.24 55
Leeds 189 s 00375 11.3 —
Doncaster 148 s 00374 2.27 go
Leeds 189 » 00372 1.51 110
Kettering 53 9 00553 2.01 95
Worksop 131 35 00520 15.10 48
Doncaster 148 . 00548 4.60 60
Leeds 189 N oobo1 — —
3 I 3 00614 I.51 IIo
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A number of earlier measurements taken during the winter
months on the two loaded circuits had to be cancelled owing
to some unfortunate fault which was very difficult to trace,
and which rendered the results taken on the loaded circuits
during that period unreliable.

The results on the unloaded circuits are within 6% of
the calculated curve. Three of the six measured results
on the more heavily loaded circuit are in fair agreement
with the calculated curves, the other three are not so satis-
factory. As regards No. 7 circuit, the results shew a
general resemblance in the values of 8 regardless of the

value of —SK- In view, however, of the large slope of the

loaded curves with different values of %_ as shewn by

Fig. 11, 1t will be seen that the results are generally of
the correct order. It should be noted, however, that the
calculations assume a uniform distribution of leakance
along the whole line, whereas in pract'ce it was on several
occasions ver fied by test that the distribution of leakance
over the London-Leeds circuits was very irregular, and this
in conjunction with occasional inductive disturbances, prob-
ably accounts in great part for the discrepancies between
observation and calculation.

It is worthy of note that in the experiments previously
referred to as having been made to determine the l'ne
constants, the results were regular and consistent with
calculation. but in that case the length of line was only 30
miles. and the leakance was therefore usually much more
evenly distr'buted than in the case of the relatively long
line to Leeds.

The measurement of the characteristic impedance of
the loaded lines shewed some discrepancies as compared
with calculation. On the other hand the unloaded line
measurement agreed well with calculation.

SPEAKING TESTS.

A number of speaking tests were made from three
points on the line, viz., Harby, the middle point of the line,
and St. Albans and Leeds practically at the ends of the
open line.
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Before dealing with the observed results, it should be
remarked that owing to occasional inductive disturbances
added to the difference of “tone ” noticed between speech
on the aerial lines, and standard cable, and also the fact
that i such tests personal opinion is a factor which must
be recognised, a high degree of accuracy could scarcely be
expected. If these points are borne in mind, the degree
of concordance between calculation and experiment is fairly
satisfactory.

Dealing first with the unloaded lines, the following
observations with local battery telephones were noted on
different dates:—

TABLE 2.
SPEAKING TESTS.
Experi- Terminal.
Length of | Miles of | Calculated mental
Cireuits circuit standard :8 resiilt in Miteag
under test. undt'r test, cable taken from terms of o leil %'ngf S
miles. ooserved Fig, 11, B eblo. K
per mile,
London 318 18 .0057 .0060 o 95
Leeds 184 11 .0058 .0066 o 130
Nos. 8 & ¢ 378 22 .0058 0062 o 120
Trunks s 20.8 .0058 .0058 | rom.s.c. | 120
»» ’ 21 .0056 .0059 o 50

These results are representative of those generally
obtained. Tests with common battery instruments are
dealt with separately.

On the whole, the observed results are a little worse
than the calculated ones. It should be noted, however,
that slight disturbances on the line might be expected to
increase the observed B and that the speaking apparatus at
the end of the line was not brought into the calculation of
the B to be expected. The observed result might, there-
fore, be expected to be a little higher than the calculated.

SPEAKING TESTS ON LOADED AERIAL CIRCUITS.

These tests were much more complex than those on
unloaded lines owing to the high impedance of the loaded
aerial circuits giving rise to marked terminal losses, and
reflection between lines of very different impedance.
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The tests made were of two kinds:—

(1) Tests of Nos. 6 and 7 (looped) from Harby and
from St. Albans: to various points.

(2) Tests of 6 and 7 singly between St. Albans and
Leeds,

both 6 and 7 in the latter test being compared directly with
an exactly similar unloaded circuit, and the difference noted.

Fig. 12 shews the theoretical arrangement for test (2).

In the most conclusive test under this head (No. 2) a
minimum length of 10 miles of standard cable was used
as a termwnal mileage at both ends of the circuit, and an
additional standard artificial cable mserted in the line
having the least standard cable value, as shewn in the
diagram. The variable standard cable was altered until
equality of speech was obtamed n the two lines under test.
The value of the unloaded circuit was afterwards obtained
by testing a return loop between the same points.

The direct test of the circuits between Leeds and St
Albans on two different occasions, and in the conditions
indicated by the diagram, shewed a mean difference of 2}
miles of standard cable between the heavily loaded circuit
No. 6 and the unloaded circuit No. g, and a d fference of
1 mile of standard cable between the lightly loaded circuit
No. 7 and an unloaded circuit No. 9. The mean value of
the unloaded circuit with primary battery apparatus at the
ends was 114 miles of standard cable, so that circuit No. 6
had the standard cable value 11} — 21 = 9 and No. 7 the
value 11 — 1 = 10} msc.

Putting these results in tabular form, we have : —

TABLE 3.
SPEAKING TESTS.

Trunk Circuit Length, Terminal Standard cable
under test. miles. mileage. equivalent.
London-Leeds No. 6 189 10 m.s.c. 9
do. 7 23 tH 10}
do. 9 9 33 113

_ To ascertain whether these figures are in accordance
with what should be expected they were compared with
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values measured by an alternating current machine at a
frequency of 800 cycles per second.

The mean values of the measured attenuation con-
stants are:—

LS 6 = oo291
w 7= 0038
» Q= 0057

The value of B/ between St. Albans and Leeds as
deduced from A.C. measurements was therefore: —

Trunk Circuit Length
under test. -8 miles. B
Circuit No. 6 = 00291 x 189 055
» s 7 = 0038 x 189 = 0718
» s 0 = 0057 x 189 = 1.08

Taking the 8 of the standard cable at 0-106, we have
the following values of these tests expressed in standard
miles : —

TABLE 4.
Trunk Circuits Standard Cable
under test Equivalent.
Circuit No. 6 = 5.2
» 3 7 = 6'77
3 ”» (o] = 10.22

In the case of LS 6 and g these are exactly the results
which might be expected if —IS<— were 100. LS 7, however,

would only give 6.2 miles of standard cable at that figure.
Now the weather was such during the standard cable tests

under consideration that the value of —§K~ is a reasonable

one, so that, from that point of view, the comparison is
valid. If nothing but the attenuation constants required
to be taken into account these figures ought to agree with
those 1n table 3. There are, however, other considerations
wh:ch it will now be uséful to discuss.

We have here the case of a short line (electrically
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speaking) in the middle of a relatively long one of a
different kind. Theoretically, if we take the reflection
factor

Z, Z
zZ. T 7Z,
where Z, and Z, are the characteristic impedance of the
loaded cable and the standard cables respectively; then,
in such cases we ought not to obtain the 8/ which would be

obtamned if the inserted line were long and umiform, but
mnstead of that value we should get

A3+ 1M+ oG — § M)

Where 8 is the attenuation constant of the loaded hine.
I'he first two terms in the formuia shew the loss at the first
point of juncuon, and the remaining part shews the reflec-
aon from the second junction. [t will be seen that
ditferent values are obtained from different lengths of
circuit, very short lengths having only small loss (see
Devaux Charbonnel—" Les Cab.es Telephoniques Sous-
Marins ” in “La Lumiere Electrique,” 15th June, 1912.
For full treatment see also Professor Bre.sig’s " Theoret-
1sche lelegraph.e,” page 302).

M=

The apparent loss in the case of circuit No. 6, if the
measured 8 ac 800 frequency be accepted, 1s 9 - 5.2 = 3-8
M.>.C. (s.e, the difference between the values in tables 3
and 4).

In the case of circuit No. 7, it is 1025 — 6.77 = 348
M.S.C., and in the case of circuit No. g, it is 1125 —10-2=1
mile of standard cable. Similar losses were noted by
three observers when testing loops from St. Albans to
Leeds and back, instead of single lengths.

The tests on single lengths and loops agree fairly well
with each other (allowing for some loss between circuits 6
and 7, when looped), but they do not shew good agreement
with calculations made from the formula given above, and
the single length of circuit. No. 6, for example, shews
theoretically a loss of only 1-4 SM. The precise reason
for the discrepancy is not known; but the difficulties
already mentioned should be borne in mind.

Tests were also made to ascertain the effect of extend-
ing the loaded lines by means of similar unloaded ones.
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The mean of a number of tests gave, in round figures, an
average loss of 2 miles of standard cable at each junction
of the unloaded open lines with the loaded ones. The loss
expected was about 14 M.S.C.

The marked losses found in connection with aerial
loading, point to the conclusion that terminal transformers
are desirable. These transformers are so designed that
the impedance of the two windings of the transformer are
suitable for work ng in connecton with the loaded and un-
loaded lines respectively, they can of course be varied to
meet requirements.

By the use of such transformers the losses at points
of junction, with heavy leading, can be reduced to approxi-
mately I standard mile.

The tests shewn in the following Table were made to
determ'ne the effect of the Standard Common Battery Set
m connection wi‘h loaded lines. This combination is very
frequent in practice. It will be seen that the loss on zero
loop is considerable  F-gures for local battery sets are also
given. In the case of these sets, calculat'on, assuming zero
loop shewed fair agreement with observed results.

TABLE 5.

SPEAKING TESTS.

Comparison of losses on Common Battery and Local Battery sets
in connection with loaded Aerial Lines.

TERMINAL LINE. OBSERVED
MILES OF STANDARD CABLE.
I Length)|
Trunk Circuits | “qre Tipe 'TengtnMilesof |  COMMON BATTERY
! ; o o
under test. Miles. Lf’f I'at eﬁch S:?(’]d- Battory TELEPHONE.
wne- | €% | Cable. p’fl‘ggé 560 obm 300 ohm (:z"e}l’,g)‘
loop. | loop. [ loop.
London-Leeds
6 and 7, 378 — o o 20 16.1 18.1 21.4
Loaded Cir-
cuits.
do. ,, |Stan-{ 10 20 16 — 16.3 —
dard
Cable
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EFFECT OF IMPEDANCE OF APPARATUS.

It is desirable to briefly draw attention to the fact
(although this will not be new to many) that high impedance
lines, such as the loaded lines in question, require special
care in dealing with the apparatus used in connection with
them. Experiments have tully demonstrated the fact that
several relatively low impedance telephones, bridged across
the loaded lines in the manner of an omnibus circuit ( &%
Induction Coils and 60w Receivers) gave rise to much
greater losses than the same number of sets of apparatus
of h-gher impedance (3i; Induction Coils and 150w
Recervers).

It is specially important that the bridged apparatus in
operators cord circuits should be of suitably h:gh impedance.
Experiments made on some of the ord-nary trunk cords
used throughout the Country, however, shewed them to be
well adapted for the work.

DEDUCTIONS AND CONCLUSIONS.

It is evident from calculation, from alternating current
measurements, and speaking tests, that the loading of open
lines of suffic:ent length leads to improvement of speech
efficiency if the degree of insulation found in these tests
can be maintained. Further, as no trouble has been ex-
perienced up to the present and the line used for the test
15 a normal main line, the prospect is distinctly favourable.
An extension of the experiment is, however, being arranged
to obtain more extensive data in different climatic con-
ditions.

AGREEMENT BETWEEN CALCULATION AND
EXPERIMENT.

The calculated figures for 8 on both loaded and un-
loaded lines, when compared with measurements at alter-
nating current frequencies, shew a fair degree of agree-
ment when the circuit constants are accurately known.

_ Speaking tests on unloaded Aerial circuits shewed
slightly higher results than indicated by calculation of 8
alone, the result varying somewhat with the apparatus used.
With the most suitable apparatus the loss was very small.

The losses found in loaded aerial circuits are so large
and difficult to predict, that working figures should be
obtained from a combination of alternator and voice tests.
The losses found in various conditions in these tests are
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indicated in the paper. They are given as only approxi-
mately correct, but as giving a useful indication of the order
of losses to be expected.

QUALITY OF SPEECH ON LOADED AERIAL CIRCUITS.

Direct comparison between both the loaded and the
unloaded circuits (of exactly the same type) shewed a
distinct degradation of articulation on the loaded circuits.
The quality of speech on the latter was, however, commer-
cially satisfactory.

The observed result was what might have been ex-
pected in view of the known variation of the resistance of
load ng coils, and of leakance, with frequency, and the
effects of lump loading.

IMPROVEMENT OBTAINED BY LOADING AERIAL LINES.

The efficiency obtained by aerial loading of cir-
cuits of the type dealt with in this paper in the best
weather approximates to reducing the value of 8 by
one half (excluding end effects). The mean improvement
in this cl mate would probably be a reduction of the un-
loaded value of B8 to the extent of 40% and in cases of low
insulation 30%—excluding end effects, but taking into
account the fact that the unloaded crcuit would also be
subject to variation.

In order to obtain any marked improvement in this

Country in wet weather (say S 250) where only 30%
K

improvement is obtainable, a considerable length of line
would be necessary. This might be reduced to a minimum
by small gauge wres. It appears clear that aerial loading

has a much greater scope in larger countries than in
England.

RELATIVE ADVANTAGES OF OVERHEAD AND
UNDERGROUND LOADING.

The mnimum f in both cases may be found with
sufficient accuracy by the formula

CENE (Y
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The capacity K in an overhead line may be taken as
0-01 mf. and in an underground A S P cable at 0.065 mf.
per mile (the small capacity of the coil is negligible).

For underground work a coil having an El = 35 1s
1

available, and it is reasonable to suppose that a value of

K~ = 20can be obtained by expert manufacturers.

Comparing the formula in the two cases, we have

UG Bm= ¥R x 0065 x 107° x (35 + 20)

/ <
Open Bm, = \/Rx 001 x 107% x <25+%/

that is Bom = R x 65 x 55
Py R x 1 x 25+—S—
K
that is pm_ R LY N
Bml <25 + _S_.>
K

that is if the value of % in the aerial line becomes 3325

the underground circuit is theoretically as efficient as the
overhead one- It has been shewn that this actually
happens so that underground circuits may be made as
efficient as overhead Joaded lines, in the minimum effic ency
conditions obtaining during Winter in this country. The
underground circuit has the advantage that it would have a
lower characteristic impedance, and would be much more
reliable. It would, however, in many cases probably be
much more costly. In practice the small gauge circuits in
underground cables could not be economically loaded to
give the minimum B, but in the cace of heavy gauge circuits
this is quite practicable. There is also a much greater
probability of successful superimposing on underground
circuits than overhead lines.

The prospect of long distance underground circuits is
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attractive and is certain to be closely studied in the near
future.

The above comparison is made on the supposition that
overhead lines are very materially inferior to underground
lines from the pont of view of insulation. In view, how-
ever, of the fact that overhead lines would be distinctly
superior to underground cables if their insulation could be
increased, attempts will certainly be made to effect an
improvement.

RELATIVE ADVANTAGES OF HIGHLY EFFICIENT AND
LESS EFFICIENT LOADING COILS IN LEAKY CIRCUITS.

If 1t be assumed that a coil must be designed for a
circuit having a definite value of leakance say, % = 230,

it is desired to investigate what would be the effect of
using a coil having a time constant of say 25 (the present
aerial I'ne coil) and one having a time constant say 33
(available for underground purposes).

This may be seen by the use of the formula

_ /R, S
,B’m——\/KR\L1 +—K-)

Case (1) Let Bz = ¥KR (35 + 250)

Case (2) , Bm, = yKR (25 + 250)

Bm 275 _
Then B, \/285 = 1018

That is a little less than 29 increase in the minimum f
obtainable is involved by the use of the coil having the
higher time constant. The latter coil is, however, of
appreciably smaller dimensions than the one used in these
exper'ments, and there 1s no doubt that its use would lead
to material economy in such a case.

THE MOST SUITABLE INDUCTANCE FOR LOADING
ENGLISH AERIAL LINES.

This depends on the amount of leakance and the
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gauge of the wires to be loaded. The average effective —%

was found in these tests to be 135 and the minimum 350.
It is important to provide for the most benefic'al effect of
loading at the time the circuit most requires improvement,
z.e., when the leakance is greatest, but this precauton should
not be pushed to abnormal Limits, seeing that the value of

IS<— only fell to 350 on one occasion. A mean between 135
and 350 would probably be a good compromise, in that
case % = 242-5 or say, in round figures, 250. Even then

it will be seen from Fig. 11 that the 265 mh. col still
gives as good a result as the 1ghter loading coil (with

SI’<— = 250, and as it is superior for all less values of -%

it is to be preferred. The i1deal load ng, however, for

. . R . -
%— = 250 with a coil of value -—L~1- = 25 is 25 millkhenrys
1
per mile m the case of the particular ¢ rcuit under investiga-
tion. It is not economical, as a rule, to design special coils
for each circuit. If the whole range of aer al conductors

be considered in connection with the S values found in

K

these experiments, it will be seen that one or other of the
coils used 1n these tests fairly meets the requirement from
the point of view of Inductance.

The mmvest'gation dealt with in this paper was carried
out in the Eng neer-in-Chief’s Research Section, G P.O.
The study of the scheme and supervision of the tests was
entrusted to me on behalf of the Engineer-in-Chief by
Mr. Kempe, the then head of the Sect'on, who was greatly
mterested in the experiments, and this also appl'es to Mr.
Pollock. who has given every facility in connection with
the matter.

A large part of the experimental work was carr'ed out
by Messrs. Robinson & Morice, and these gentlemen have
given material assistance in connection w'th the more
laborious calculatons. Mr. Chamney has also taken a very
active part in the tests. I have pleacure in tendsring my
cordial thanks to these gentlemen, the more especially as
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APPENDIX 1.

ELEMENTARY PROOF OF THE FOLLOWING
TRANSMISSION FORMULAZ.

a = /(R + 7pL) (S + 7pK) (The Complex Attenuation
Constant).

7 = R + jpL (The Characteristic
’ S + jpK Impedance).

The proof applies to a uniform telephone circuit which is
long 1n the electrical sense, 7.e, a so-called infinite line.

Where R is the resistance of unit length of circuit:
S » , leakance » » »o»
L » inductance » ) » »
K » » CaPaCity 3 » ”» 2
p = 2mn where # is the number of periods
per second.
7 =« -1 and indicates a rotation of go°.
a = jo+ = The Complex attenuation constant,
where o is the wave length constant

and B is the real part of the Complex
attenuation constant.

If d/ is a very small fraction of the unit length, the
following will be the electrical values for that small length
of the circuit: —

R x d/ = Resistance of a very small fraction of

unit length :
S x d/ = Leakance » » » »
L x &/ = Inductance ,, » » »

K x d/ = Capacity » » » »”

If V, is the voltage at the beginning of the length 4/
and V, the voltage at the end of this small length, then the
voltage drop in the length &/ is V, — V,, and similarly, in
the next similar small length it may be written V,; — V,
where V, is the voltage at the end of the second small
length d/.
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Let V, - V, be called dv
Vl - Vz 3 ) H'Ul: ete.

Although the voltage in such a line falls continuously
along its whole length, we may suppose it to be unchanged
in the length &/ if that length be small enough. Call the
current in this small length (Z.e., at the beginning of the
line) I,. The impedance of unit length is R + 7pL, and
the impedance of the small length 47 1s (R + jpL) /.

Now Volts = Impedance x Current
SV, = Vi=dov=R+ jpL)I, dIl cceeneeno.... (1)
= Volts consumed in length 4/.

But current is also lost in the same length, firstly, owing
to direct leakage, and secondly, because the dielectric gives
Volts
Insulation
{ Resistance
= volts x leakance = VSd/. The capacity charge is
pK Vidil. The amount of loss due to these causes is
I, = I, = di where I, and I, are the current at the begin-
ning and end of the small length 47. Then

di = (V,Sdl + jpKVdl) = (S + jpK) Vi ....... ()

rise to a capacity charge. The leakage is

Divide (1) by (2)
dv R+ jpL)Ldl

We have == = <5 3RV 7
dv V, R + jpL \
whence = X T, = S 3 jpR oo (3)

But dv = V, — V, and if Z, is the characteristic im-
pedance of the line, at any point, we have V, = Z,I, and
V,=7Z,,

SothatI,Z, - LLZ, =1, - IDZ, =V, -V, =dv

Again, seeing thatI, - I, =di /. (I, - 1) Z, =di Z,
= dv

Therefore (3) may be written
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diZ,  1,Z, _ R+ jpL

dz I, — S+ 72K
- _ R+ /L
that 1s, Z,? = ST 2K
_ [RxgpL
and Z, = \/ ST pR T 4)

Z, 1s called the characters:tic impedance of the c'rcuit. Any
electrically very long telephone circuit has this impedance.
Again, from (1) and (2)
dvdi = (R + jpL) L,dl (S + 7pK) V,d!.
dv di

and therefore ~ I " A (R + 7pL) (S + 7#K)
that 15 L L0 — a7 (R + L) (S + j#K)
0 0
that is- % = AV (R + 72L) (O + 77K) ....(5)

That 1s to cay, the ratio of the lost current in any short
lengh &/ to the current I, at the beginning of that section
1s a constant fraction. This may also be expressed as

I, -1, &
I, ~— 1,

1

The current at the beginning of the second short
seciton is I; and the current lost in that section is I, — I, if
I, 1s the current at the end of the second short section.

I, -1, L -1
Now i = T

for each = dZy (R + jpL) (S + jpK) from (5) et seq.
In a third short section we should have

I, -1 - .
2 i » _ L 1 I and so on to 7 short sections, and
2 0

since each of these ratios = /v (R + jpL) (S + 7pK;
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therefore —I—°—I——£— =nx diy(R + jpL) (S + 7pK),

# being a number such that # x 4/ = unit length.
If we call the unit length 1, then 7 x /=1, and we get

Io"‘I1 di ] 1
” __IO__>=,¢X T = V& + D) S + iK)

That is to say, in any un't leng*h. whatever it may be (an
inch, a mile, or a kilometre}, the ratio of the current lost in
that length to the current at the beginn'ng of i, is # t'mes
the fractional loss found for a very small length 4/ (where
n x dl = unit length), and is measured by the quantity

V(R + 7pL5 (S + 7#K). where RL S and K are the con-
stants for unit length. This quantity is known as the com-
plex attenuation constant. It 1s complex because it involves
phase. The constant is usually denoted by &, so that our
expression becomes

2 x f" — 2= VR (S T 1K)

From inspection of the formula it may be seen that it con-
sists of a real and an unreal part, and it may be written

a=7ja+B=wNER+ LIS + 72K) ceeeeeeieiirrrnnnn. (6)
The two parts may be separated algebra‘cally, and we get
B= NIV 7L (5 + 2K + (RS - pKL)..(7)

This is the attenuation constant, and

o= NIV 5 707 (5 1 3K — JRS — #KL)..(8)
This is the wave length constant.

The electrical constants involved in o and B are the
effective values at some definite frequency.

Those who desire the full work'ng out of « and 8 will
find this in Mr. Martin’s Paper on “ Loaded Underground
Circuits,” page 15.

It has been shewn that the ratio of the lost current in
any short length, to the current at the beginning of that
length is a constant fracton anywhere in a uniform and
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infinite line, although the current is constantly altering in
magnitude throughout the line. A little consideration will
shew that this is a case of the compound interest law, and
that, consequently, the value of the current at any point is
of the form y = ¢~® where ¥ is the current and ¢ is the base
of the natural logarithms ; also, « is the complex attenuation
constant per unit lengh, and / is the number of units of
length.

This may be proved as follows: —

Let the current at the beg'nning of the line be 1 and let
a be the fraction of current lost in the first mile. At the
end of this mile the current will be 1 — @, and this is the
current at the beginn'ng of the second mile. The same
fraction of this beginning current, z.¢, of 1 — a, will be lost
1n the second mile as was lost in the first mile. So that at
the end of the second mile the value of the remaining
current will be (1 — 2) of (1 — @) = (1 - @)% Similarly, at
the end of / miles it will be ¥ = (1 — a). If instead of
taking so large a length as a mile for the unit, an exceed-
ingly small fraction of a mile be taken; such that instead
of losing the fraction a of the current per unit length, only

. a . .
the fraction e (where # is a very large number) is lost,

then at the end of the first mile the current will have the

value ( I - —i——)n and at the end of 7 miles, it will be

(-5

It is known and can be verified, that if the algebraical

z
quantity < I+ 17> be expanded by the Binomial theorem,
and x theﬁ assumed to be a very large number, the Summa-

tion amounts to 2-71828 = ¢ = the base of the Natural
logarithms.

nl
To make use of this fact, we convert <1 - —Z—> to the

I \* ) I a
form | 1 + — To effect this let — = ~ — then
x x ”
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o
= —gx. Substitute this value of # in < 1— —%—> and we

(=) (=) - (e )
get {1 - — ={1- =1+ —
7 —ax z

= ¢ =y,

If the current instead of being 1 at the commencement
of the line has any value A, then ¢ becomes Ae=*. But,
as already shewn, 2 = 8 + ja and the expression becomes
y = Ae~(F+*2 By means of this expression, knowing the
value A of the current at the beginning of the line, its value
¥ m magnitude and phase can be found at any distance /
along the line. B and « are constants in the conditions
supposed 1in th:s proof, / being, of course, variable.
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APPENDIX No. 2.

In any civeuit if S = 0 and pK is great in comparison
with R, the civcuit is distortionless.

B = J — VR + L) (S + KD + — (RS- °KL)
in any circuit whatever.

If S = o this becomes

8= \/—%—v (R* + p°L* p°K* ~

pZKz p2KL
— L R2 2] 2 IR it

2 2L2
\/_pKR /<R+z> ) zﬁRL>

J%—pK R R4 piLe ) —pL]

I 2
- 7KL

]

Il
%
)
~
1
S
-
TN
+

%

N
~—
-
| E—

2 \3}
Now < I+ p—le—2—> is of the form (1 + x)* and if R? is

small in comparison with p?L? then (1 + 2)" =1 + nx
approximately. The expression in that case becomes

o (2 (1 55 ) - )

1

\/‘EZ’K{Z’“zzﬂLZ >"7’L]
7KR* R [K _

x/—‘? <2?L> 4L 2 \/ =8

As the frequency term p does not come into the last
expression, it 1s said to represent a distortionless condition,

I
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APPENDIX No. 3.

To show that if LS = KR then B = VRS (and that
this is the minimum value of B).

In any telephone circuit whatever, we have

8 = \/ ziv (R?+p°L2(S* + p°KH) + —;—<RS~ i 2¢ 5) WOTURRO
= /1 L2 N\ [ Sz s L
_\/?prRI:\/<I+ R >(1+ pK2> +ox R

=\/i prR[\/ ?’L ’ S® LZS‘ S

2 I+ R szz =z T ceRE Ksz fK R

. 1.282 LS
Now if L.S = KR, then YR - D and also R - b

Substitute for 1 and for IL{2§{2 i (2).

KR

This then becomes

J——x?KR[J(ﬁLz +2——II§S1’2 pzs;{z S pL]

But the quantity ?1211;2 +2 %% + ?2512{2 :<%L + ?SK>

“Therefore (3) becomes
I pL S S 2L
2 pKRS =
\/h x pKR x 2 pK K vRS QUED.

Again (2) is the equation for 8 in any case, and (3)
gives 8 = ¥RS. The only difference between the two
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. . L35 |
formule is thatin (3) 1 + KRE I replaced by 2 x IIEE
under the inner root sign, and it will be seen by inspection

LS .
that if R is less than 1+ E”R then (3) is less than (2).

This can be proved for

252
't RRE KR LS _, (KR +Ls
_2LS LS 2KR KR
KR

The quantity -15—511 + —II\;% consists of a fraction and

its reciprocal, and this combination must be greater than 2
(as will be seen by trial) unless LS = KR. In every

other case % <‘;§SRH + _IIEi—> is greater than 1,

22

. . LS _
and ;. 1+ CRE S greater than 2 KR (because the

former divided by the latter is greater than 1) and (3) is less.
than (2), and therefore gives the minimum 8.
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APPENDIX No. 4.
To shew that when B= vV RS then a= {M/I_{T,_.

As shewn in Appendix 1, formula 8.

o «/ Ly T T+ 7RI 3 RS=#KL) oo (1)

This may be written

a= \/ _; v (R2+ p2LA)(S?+ p°K*) + %(RS —2’KL) -(R>-#*KL)..(2)

Thatis a= 482 —(RS = 22KL) ceeiiiiiii it 3)

Compare with formula (7), Appendix I.
But when LS = KR, then 8 = ¥ RS, proved in Appendix 3.

Therefore (3), above, may be written

a=yRS—RS + p?KL. when LS=KR
that is a=p 4 KL
This simplified formula holds good in any case where pL is

great in comparison with R and pK great in comparison with S,
as 1s usual in loaded circuits.
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NOTES ON THE DISCUSSION,

MR. COHEN : —

I should like to congratulate Mr. Hill on this admirable
paper, and I am sure we are all indebted to him for the
clear and complete manner in which he has put the infor-
mation on aerial loading before us.

It is satisfactory to see that aerial loading shews signs
of proving itself in, in this country, provided that the line
1s sufficiently long.

A point of considerable importance which it would
appear still requires settlement, is the definite determination
of the value S/K, and therefore the value of equated length
in M.S.C., which should be taken as a working mimimum in
connection with transmission standardisation of aerial
loaded lines when working as part of the trunk network of
the United Kingdom. We are, of course, always forced
to take reasonable mmimum values when determining the
lay-out of telephone plant on the basis of its talking
efficiency, and it is of great importance from the stand-
point ot expenditure in the case of aerial loading that the
transmission standardisation is not based on a maximum
value of S/K, which only occurs on, say, two or three days
in the year. On the other hand, it is equally necessary to
ensure that the overall transmission 1s only worse than the
standard laid down for the minimum time consistent with
reasonable expenditure.

It would, therefore, appear that a comprehensive series
of A.C. leakance tests spread over a complete year are
required in order to assist in determining this.

If there 1s anything in this paper that I should feel
inclined to criticize, it is that the effects of attenuation and
reflection are, perhaps, not as sufficiently separated as they
might well be (and, in some cases, it is rendered more
difficult to effect this separation owing to the omission of
S/K values applying when the particular tests were carried
out). Table 5 i1s of particular interest, and in this case I
have been able to get from Mr. Hill the S/K value applying.

In the P.O.EE. Journal for April last year, I gave
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some reflection loss curves for loaded lines with values
ranging from 800w up to 30000 for the real portion of the
impedance. In the same paper is a curve for the losses
occurring at the junctions of two loaded lines of different
impedances, which is termed transition loss.

Now these curves were obtained from a large number
of tests of loaded lines, both actual working lines and
laboratory cases, and although all taken on cases of cable
loading, there does not appear to be any particular reason
against their application to the general loading problem.

I have worked out the losses from these curves for the
use of O.W. loops, C.B. terminals, in table 5 of Mr. Hill’s
paper, and the following are the results : —

M.S.C.

Equivalent of No. 6 ... 5-50
do. 7o 6-25
Transition loss ... 0-30
Terminal loss, No. 6 ... 420
do. 7 .. 3-30

Total ... 1955

to compare with 21-4, which is fair agreement, considering
that the distribution of the leakance plays an important
part and also that no two C.B. terminals used are likely to
have exactly the same impedance values. It is unfortunate
that the other tests appear to have been made with ohmic
Resistance loops, as these give no indication of the true
tapering effects of an actual subscriber’s cable loop.

This paper demonstrates the well known difficulty ~f
carrying out accurate tests on long trunk lines, for example,
we see that a series of tests taken during the winter months
had to be cancelled owing to faults.

Then again, it is pointed out that the distribution of
leakance is very rarely uniform over a long aerial line and’
this leads to errors.

A length of 200 miles of artificial aerial line, with
400 1b. and 200 Ib. equivalent conductors, and with variable
insulation resistance from infinity down to 100,000e0 per
mile, has been constructed by the Mount Pleasant Factory
for the Research Section. It is hoped that this artificial
line will prove of use in throwing light on a number of
problems in connection with open wire lines.
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MR. NOBLE : —

I had no intention of speaking this evening for the
reason that I saw the Paper was a rather lengthy one and
there would be very little time left for discussion. I
thought, therefore, Mr. Cohen, who had expert knowledge,
should occupy the time.

As you are aware, Mr. Chairman, all the Sections in
the Headquarters are so fully loaded that they have not
all time to study the work of another particular Section,
and they are, therefore, grateful to any gentleman who
gives them information in tabloid form, and I am sure they
will be very grateful to Mr. Hill for the excellent contribu-
tion which he has given us this evening.

Like Mr. Cohen, I think it would be well if such papers
as Mr. Hill's, which are highly technical and important,
were printed in advance. I am sure the Institution would
be only too pleased to do so.

There are many papers which the authors have to pre-
pare at such short notice that there is no time to have them
printed, but as Mr. Hill remarked towards the close of his
Paper, when he started with these experiments in Mr.
Kempe’s time, I should think that with regard to this very
Paper it might have been printed in advance and circulated
so that the discussion would have been of more value.

I have only one other point to mention in conclusion
and that is, the Institution should be very pleased to have
gentlemen like Messrs. Hill, Martin, Pollock and Hay, and
others, who are keeping the British Post Office so advanced
on this very important subject of loading of underground
and open lines.

I hope that either Mr. Pollock or Mr. Hill will c’on-
tribute a Paper to the Institution on the loading of the
ILeeds-Hull cable, which has just been completed.

MR. HART : —

I should like to associate myself with the previous
speakers in congratulating Mr. Hill on his admirable Paper,
and should like to say that I think our thanks are especially
due to Mr. Hill for giving us another Paper which will be
a standard work of reference for us. I think the Paper,
more than anything, shows how much the success of trans-
mission work, particularly on aerial lines, depends upon the
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practical men, who are responsible for the maintenance of
such lines, thoroughly wunderstanding the conditions.
Taking, for instance, the value of the leakance factor
which has been mentioned; cracked insulators, defective
potheads, dusty and dirty main frames, all stand out as
factors in the determination of the leakance.

I rather hoped that Mr. Hill would have given us a few
notes on the aerial lines in Germany as, I believe, he has
actually seen some of these lines. I have seen various
illustrations in technical papers on Loading in Germany,
which seem to indicate that loading coils are built up in the
insulators. There is an absence in that case of the rather
-cumbrous looking cases which we have seen in this con-
nection. There is also an absence of covered leads
-connecting the main conductors with the coils. My
experience of aerial line construction and maintenance has
somehow or other bred in me a distrust for covered leads
-on poles. I have the feeling that directly the line leaves
the insulator the certainty of maximum efficiency dis-
-appears. Consideration will probably be given to the use
of the self-contained insulator form of loading coil, but
now that the London-Leeds experiments have brought
aerial loading out of the theoretical to the practical, the
results are, I think, very encouraging.

The weather variations appear to have caused
variations in leakance as measured by direct current, but
the variations as measured by alternating current did not
-correspond. The direct current variations are, of course,
due to variations at the insulators. Perhaps Mr. Hill will
tell us whether we may assume that the alternating current
measurements of the leakance are in some degree indepen-
dent of the condition of the insulators, 7., we have to
-consider, even in the case of an aerial line, the dielectric.

Mr. Hill said the selected circuits are free from under-
ground, but presumably he has not overlooked the fact
that there were some leading-in points. My only object in
raising this point was to ask Mr. Hill what measure of
importance he attaches to the leading-in points on aerial
lines, leaving out the consideration of the localising
facilities, and dealing only with their effect on the general
-efficiency of the circuit.

Now as regards the lines suitable for loading. The
longest direct aerial circuit we have in England is 450 miles,
and the longest aerial circuit that we ever make up in every-
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day use is about 700 miles. I take it that if these circuis
were loaded we should be able then to get the maximum
benefit. If we look at the Standard Cable Equivalent for
such a circuit (s.e., the theoretical S.C.E. required for a 700
mile circuit), we cannot allow any more than 20 miles of
Standard Cable to get commercial speech. To get that
efficiency, we have to erect 600-lbs. conductors. Perhaps
Mr. Hill would indicate what could be done or what might
be looked forward to in the future, with a view to obviating
the necessity for erecting very heavy conductors. We
have got for the 700 mile length which I have in mind
600-1bs. conductors which are joined in series, but it 1s
impossible to make up a circuit continuously of 300-lbs.
Perhaps there are some 200-lbs.

In connection with the comparative costs of loading
coils, Mr. Hill mentions the economy of the cheaper ones.
We have often to decide against loading comparatively
short lengths of underground because the cost of the load-
ing is greater than the cost of the additional copper, and up
to the present time we have always followed the maxim (I
am not sure whether it is due to Lord Kelvin or Mr.
Heaviside), which practically amounts to this: “ When in
doubt, lay down the copper.” It seems that if the cheaper
loading coils could be brought in that we shall be able to
alter that maxim.

MR. LEE:—

I shall be glad if Mr. Hill will kindly give us his views,
based upon his wide experience of speech tests on cables,
as to whether phase distortion causes distortion of speech.
That is, I am referring to the well known fact that a circuit
which is not “ distortionless ” according to the mathematical
definition, the waves of different frequencies travel at
different rates along the circuit, hence the harmonics
become displaced with reference to the fundamental. It
is, I think, agreed by practical experiments, that amplitude
distortion is the more serious, that is, the effect caused by
waves of various frequencies being attenuated differently.
Several well known physicists apparently differ in their
views of the question of phase distortion, and it would be
interesting to know whether the problem can be solved by
means of telephone tests.

I had the pleasure of being present at some of the tests
described by Mr. Hill in his paper, and was very much
impressed by one apparent diffienlty which occurred by
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making the comparison speech tests of loaded aerial lines
against standard cable. This was that the “tone” or
““ pitch ” of the speech received over standard cable differed
markediy from that received on the aerial line. From the
practical point of view the ease with which the speech is
understood is a measure of the efficiency and the standard
-cable test measures th's quantity fairly well, but at the
same time the difference mn “tone” is so marked that it
appears to be desirable to adopt the more scientific methods
-of comparison which are available, whenever possible.

The insulation tests of the lines used by Mr. Hill for
the loading experiments appears to be fairly good, but it
would be of interest to know whether these lines were
-specially overhauled beforehand. It is quite evident from
the results of the tests that the future of aerial loading in
this country is dependent upon whether a high average
standard of insulation can be maintained.

Perhaps Mr. Hill would also supplement the informa-
tion in regard to the alternat'ng current constants of the
lines under test, by giving the direct current constants of
these lines also.

A further point in connection with the alternating
-current tests 1s whether the magn'tude of the testing
-current had any effect on the inductance of the loading
-coils under test, and perhaps Mr. Hill will kindly state this.
It will be borne in mind that the method of test employed
provides a stand‘ng or stat‘onary wave on the circuit with
nodes and antinodes of current, and there may be points
-of the circuit at which the current exceeds that sent out by
the alternator

The loading question, in this country, at present suffers
from the disadvantage that the apparatus used on
telephone circuits has been designed for use with non-
loaded circuits, and it may be found desirable in the future
to increase the impedance of telephone apparatus, at the
same time making it more efficient, in order to reduce the
reflection effects.

MR. ALDRIDGE : —

~ While agreeing with the speakers as to the value of
“this Paper, I think it would be enormously increased if
‘M. Hill were to give us details showing the results of the
~tests day by day. ’
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Taking the figures as he has given them, there 1s still
quite a considerable discrepancy between the values of
the attenuation constant and the values of S/K on page 37.
I notice that the attenuation is sometimes greater as the
leakance 1s less. Mr. Hill states that this may be due to
the wrregular distribution of the leakance, and I think this
1s most probably the reason, and all tests, I think, on
long lines should be made section by section so that an
error can be allowed for. I might mention that taking
No. 6 Trunk with a uniform change, the equated length
comes out at about 5 standard miles; assuming all that
leakance concentrated in the centre, the allowance 1s only
about 4—quite a large percentage improvement.

There is one other point in connection with this test.
I believe it makes a lot of difference to the values depend-
ing on the position of the test point relative to the first
loading coil. I should like to know Mr. Hill's views on
that. Possibly there is a lot of difference between figures
you get from the place of the testing point depending on
how far away the first loading coil is.

Mzr. Hill, on page 37, refers to special tests. I believe:
these tests were made on speaking a long “ Ah!” into his
transmitter—one cannot call that speech, and I should like
to ask if Mr. Hill has any tests showing the equivalent
of it. From tests made at Telephone House, it seems that it
is not the same thing and one would imagine this method
would result in too high frequency, and this is borne out to-
some extent by the tests on page 37. The losses there are
greater than one would expect from speech, though corres-
ponding to the higher frequency.

Then Mr. Hill, on page 41, has given a formula for
getting the attenuation of a short cable. That formula
gives the apparent attenuation for a chort length of cable
terminated by two impedances. Well now, this is not the-
same case, I think, as a piece of cable or open line termin-
ated by two cables. The cable at the sending end does
not act in the same way as that at the receiving end. T
have taken the case he has given for No. 6 trunk, as it is
the only one I have any figures for, and I get a loss of 2-8.
Mzr. Hill's outside figure was 3-8, and the formula he gives
gave 1-4 I think future advances in this subject are to-
be found by testing each piece of apparatus in each section
of I'ne bit by bit, and only in that way are we likely to get
results according with theory. If we do not, we cannot
predict accurately the action of the circuit.
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Mr. HAY :—

The equivalent frequency of speech is usually taken
as 800 periods per second, and Mr. Hill has apparently
adopted this value. I have been under the impression for
a considerable time that the discrepancies which exist
between observed and calculated values in connection with
cable measurements indicate that, for one thing, the
equivalent frequency taken for speech is too high. On
making some preliminary measurements of the equivalent
frequency of the “standard vo:ce ” by methods which are
direct and which I shall describe presently, my impressions
have been confirmed. I found that in exceptional cases
only does the equivalent frequency of speech approach
800 periods per second, and is in general much lower.
Further, it varies with the character of the circuit in which
the voice currents are flowing, which is only what would be
expected seeing the changes which occur to the transmitted
pulses as they progress through the circuit. It would be
most remarkable if anything ke a constant value for the
equivalent frequency of speech could be obtained in all
circumstances. It 15 of fundamental importance that the
equivalent frequency of speech should be determined as
accurately as possible for all conditions, as otherwise results
obtained using a doubtful value are vitiated.

The expression equivalent frequency of speech used
herein is defined as that particular frequency of alternating
voltage, which, when applied to a transmission circuit either
by means of the standard voice or of a sine-wave alter-
nator, gives exactly equal electrical results. The standard
voice is the voice which is usually used in comparing tele-
phone receiving transmitters, lines, etc.

The experiments undertaken in order to determine the
equivalent frequency defined as above were carried out as
follows : —

(1) A good mica condenser of 1 microfarad was
introduced into the transmission line, whose length was
varied. The voltage across the condenser and the current
in it was measured by means of thermo instruments, and
the frequency obtained by means of the relation

C

—\Z—ZK(D

The results are shown by curve 1.
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(2) A loading coil was then substituted for the con-
denser and a similar set of observations made, from which
the frequency was obtained by means of the relation

'\7
C
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the resistance of the loading coil, being so small as to be
negligible in these circumstances. The results are given
by curve 2.
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In all cases the frequency of the alternator, which was.
arranged to run at o = 27 x 800, was taken for all con-
ditions and the results as expected appear as a horizontal
line (curve 3).

It was a most unfortunate accident which caused
1nvest1gators to use the symbol 8 for the attenuation con-
stant, and it is hoped that its use will not be perpetuated
by Mr. Hill. In his effort to preserve its use he has broken
through mathematical convention and makes himself
responsible for the unsymmetrical expression (8 + ja).
Long usage will never justify writing a complex quantity
in this manner.

MR. G. M. SHEPHERD : —
[COMMUNICATED.]

I have a few remarks to make in regard to your very
interesting paper on loading that, perhaps, can best be
communicated.

There is very little destructive criticism to make. I

think that in dealing with the distortionless line L. _c

R S
which figures prommently in your paper, you should have
made reference to Heaviside, who 1s the author of almost
all that is known of this peculiar condition. It is, in fact,
scarcely too much to say that there is hardly anything con-
cerning the theory of transmission that cannot be found
somewhere in Heaviside’s work ; though it may need some
excavating to reach it. Now concerning terminal reflec-
tion, I rather gather from your remarks that the state of
our knowledge on this subject is not as definite as it should
be, at least as regards aerial loading, and I venture to
suggest that as we now possess a 200 mile artificial line, an
exhaustive laboratory investigation should be undertaken
to ascertain the losses, and construct working curves to
correspond with those already existing for cables.

I cannot quite follow the formula cited on page 41,
but know that the following expression is more or less.
valid for the transition loss between two line sections
equivalent to not less than, say, 7 m.s.c,,

b= loge

VI + 72 + 2rcos @
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7/6 being the impedance ratio, and “4” an attenuation to

‘be added to that of the lines. I communicated this formula
to the discussion on Mr. Aldridge’s paper.

The question of the minimum length worth loading is
most important, and though you direct attention to it, I
have never seen any attempt to exactly specify the
maximum load for any given conditions. One way of
doing this is to express the B of the line, and the terminal
loss, as functions of 1., the added inductance, and then
find the minimum equivalent. Thus one might write—

msc = 24— K1) + PO

a,

where a, is the standard cable B at 800 ~v, and / = length
-of line loaded.

Considering now an aerial line of 7 miles, %— = 250,

having terminals of 3 miles of 20-lbs. cable loop. Assum-
ing #.g. cable coils to be used, the losses dependent on the
added L can be written

R, =300L + 9;

and the terminal loss function is thought to be something
like this—

F(L) = 25 ¥ L + 0037

whence

R C \E ¥
msc. = 9457 {<—2—+ 150L + 45 -—L—+oo37) +25 | L +0037
and the minimum is given by—
_ INc(4725R — 6-24) — 0025
14154 ¢ + 25

which enables one to see clearly the necessity for either
abolishing the terminal loss, or only loading lines of con-
siderable length. Such a formula is, of course, quite
empirical, but would be very useful if we were entirely
certain of the shape of the loss curves.

L

I am glad you suggest the use of the small cable coils
for aerial work. I have often thought that the large
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#1501 pattern would be a costly luxury for the conditions
found in this country.

‘Mr. HILL’S reply :—

I thank the various speakers for their generous appre-
clation of my eflorts in connection with this Paper.

The following 1s my reply to the various questions and
criticisms on 1t :—

Mr. Cohen points out that % is not always given.
Well, generally it is given, but I find there are some cases
where 1t could not be obtained, owing to the wires having
to be given up for commercial service before the tests
were completed. I was, however, able to furnish additional
information in one case to Mr. Cohen, as he has pointed
out. As a rule sufficient data are given to enable the
reflection losses to be arrived at.

It is interesting to note that Mr. Cohen finds that the
terminal loss I gave for the open lines, with C.B. apparatus
at the ends, agrees within permissible limits with results
made up from curves given by him in the P.O.E.E. Journal.
I notice from the P.O.E.E. Journal, quoted by Mr. Cohen
(April, 1913, page 17), that the results were deduced from
tests on lines from 3 to 17 S.M. I should not expect lines
of so small a value as 3 S.M. to give uniform losses com-
parable with those on lengths of 17 S.M, and this has
raised the doubt in my mind, as to whether this circumstance
might have in some degree caused the discrepancy.

I may say that in the case of the artificial standard
.cables used for terminal effects, the resistance and capacity
were uniformly disturbed along the whole cable. They
were not mere resistances.

I agree with Mr. Cohen that the artificial line he
mentions would be a valuable adjunct in tests of long
distance aerial lines.

In reply to Mr. Noble. It seems from Mr. Noble’s
remarks that our work of experiment and research is closely
followed and fully appreciated by our chiefs. Although
I did not doubt that, 1 am confident that this assurance
will act as an incentive to those engaged in such work, to
make unceasing efforts in the path of improvement.
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Mr. Hart asked for information as to German methods.
of aerial loading by the use of small coils. I have not,
personally, seen these lines, but I have had three slhdes.
prepared from an Article by Dr. Ebeling, of Messrs.
Siemens and Halske, in 1910. Possibly this 1s what Mr.
Hart refers to. It is obvious from these slides that the
German coils are much smaller than the English ones. It
may be deduced, however, from the data given in Dr.
Ebeling’s Paper that the German coils have a resistance
of 79w per henry at goo periods per second, as against 250
per henry at 800 periods 1 the case of the coils used in our
experiments. In these circumstances, no useful comparison
is possible. It is certain that much smaller coils than the
ones we used could be made by the contractors if they
were allowed the same resistance, but this would be in-
admissible, and I believe that much more efficient coils
than those shewn in the slides, are now produced in
Germany, but they may be expected to be proportionately
larger. It may be mentioned that the coils we use here
are made to withstand 8oco v., and also that the wire
windings are stranded and insulated. These features in-
volve some increase in size. The coil we are using is
among the most efficient in the world, but I have the distinct
impression the German ones are efficient for their size. I
may say that the V.IR. leads, used in connection with our
coils, have maintained a very high insulation up to the
present. The Western Electric Co. inform me that this
type of wire gives satisfaction in America.

As to the difference between the insulation measured
with direct current, and at A C frequencies, I should prefer
to extend the experiments before giving an opniion. In
order to obtain an aerial loaded circuit equal to a 600-lbs.
circuit unloaded in English Winter conditions, it would be

necessary to load a 400-1bs. circuit, assuming X = 250

Even then the reflection losses at the end would require to-
be added. A 700-miles 400-lbs. loaded open wire, allowing
for end losses with terminal transformers but not inter-
me(%\ldatse éunderground or leadings-in, would approximate to
20 M.S.C.

I am of opinion that leading-in at intermediate offices
should be kept down to a minimum. The losses introduced
by such arrangements are often much greater than their
Standard Cable equivalent would imply, owing to the intro-
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duction of inductive disturbances caused by low msulation,
bad joints, etc. As a matter of fact, there are a number
of leading-in points on the loaded aerial line. I mentioned
in my Paper that a number of tests had to be cancelled
through a fault. To locate this fault after other means had
failed, all the leading-in pomnts were cut out. After their
restoration the fault had disappeared, but on enquiry we
learned that all had been found normal and nothing altered.
This was, to say the least, very surprising, and I think it
shows the danger of leading-in.

As regards the use of cheaper loading coils. I think
there is a case for study as regards cable circuits 40-lbs.
and under in weight per mile. 1f a coil could be produced

1
L,
underground coil, and taking up half the space of the
present standard underground type, possibly good use
could be found for it. I had already made some enquiries
in this direction, but although the prospect seems favourable
at first sight, further investigation is necessary before a final
reply can be given.

having equal say to 100, at half the cost of the present

In reply to Mr. Lee, I have no specific information as
to whether phase distortion causes distortion of speech.
Some well known scientists think it does not. I should
expect, however, that if the distortion exceeds certamn
limits, it must cause confusion of such sounds as rapidly
follow each other. I have not, however, found it possible
in speech tests to separate amplitude distortion from phase
distortion. I agree that the most scientific methods should
be used, and I think I may say this was, as far as possible,
done is this case. Practical tests should, however, also be
included.

Mr. Lee asks if the circuits used for the experiments
were specially overhauled beforehand. They were not,
but they were carefully tested for insulation, and found
to be in good order, as verified by the subsequent tests
dealt with in the paper.

He also asks for the constants of the circuits measured
by direct current. R and S are of course given, and I
supplemented the information as to the capacity when
reading my Paper, by stating that it did not materially
differ at direct and A.C. measurements. The induct-
ance, however, still remains to be accounted for. An
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attempt was made to measure it, but a delicate mirror
galvanometer had to be used, and it was found impossible
to get any steady readings owing to interference from
induced currents.

A further question by Mr. Lee is—Can the effect of
the variation of the testing current on the inductance of
the coils be stated? The change of inductance of these
coils with current 1s very small, and as the testing current
was generally kept down under one mlmp, only a small
change was expected. Some special tests made by varying
the amount of the testing current failed to reveal any
change in the efficiency of the circuit. As a matter of fact,
calculation in this case shews that if the inductance varied
as much as 50% the 8 would only vary 6%.

When loading becomes more general, 1 agree with Mr.
Lee that it may be found advantageous to increase the
impedance of Telephone Subscribers’ Sets.

Mr. Aldridge thinks that tests on long lines should be
made section by section, and that by such means practice
and theory would more nearly coincide. There are, how-
ever, difficulties in the way in this case, where the loading
points are 8 and 12 miles apart respectively. It is found
difficult in such circumstances to find a suitable testing
point where the loading would be normal, i.e, thie coils are
?enerally either too near or too far away. If only short
engths are tested, the resulting error due to abnormal end
lengths is proportionately greater on short than on long
lengths.

A second point taken up is that Mr. Aldridge believes
that the position of the first loading coil makes a consider-
able difference to the test. I think it must make some
difference, especially if the length of line is very short.
The recorded results, however, of speaking tests from
Harby where normal spacing obtains, and St. Albans where
it does not, shew approximately the same result with 10
M.S.C. as terminals.

Next, as to the use of a prolonged “ Ah!” instead of
counting in speaking tests. Mr. Aldridge wishes to know
what 1s the equivalent frequency of the “Ah!” as he
thinks it too high. Well, we have definite tests on record
which sufic'ently answer his query, particularly as regards
testing of loaded lines. The most recent is the new Irish
loaded cable. This cable was measured by A.C. at 8o0
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periods per second. Based on the B/ measurement the
Standard Cable value is 9-0 S.M,, and this was found to be
the case by a speech best when using “ Ah!” Making all
allowances for reflection the agreement is good. Again,
in the tests on the open lines, in this Paper, the results of
speech tests on the unloaded aerial lines are fairly good.
It might be mentioned that both methods (“Ah” and
counting) were tried. It must not be overlooked that what
was attempted was a comparison of volume, and that count-
ing introduces articulation. Finally, in view of the fact
that the test is merely comparative, any volume error would
affect both the standard cable and the line, and it is not
clear why any considerable error should be looked for in
comparing the loaded aerial line with the standard cable, as
there is considerable distortion in both.

Mr. Aldridge thinks that the formula T use on page 41
does not apply as I have used it, but that it gives the
apparent attenuation for a short length of cable terminated
by two impedances, and he thinks it is not the same case
as a piece of cable or open line terminated by two cables.
Now I totally disagree with Mr. Aldridge. Instead of
being tegminated by two impedances, I have in this case
supposed it to be terminated by two long cables, just the
opposite of Mr. Aldridge’s contention. The formula I
gave, moreover, applies to any inserted length whatever.
If that length is sufficiently long

long line long line long line
(Impedance Z,) % Impedance Zr % Impedance Z,

we have a case for which Mr. Aldridge has himself calcu-
lated some reflection curves. I find that the formula on
page 41 reproduces the results indicated by Mr. Aldridge’s
curves. If, however, his criticism of the formula I have
used is correet, this could not be unless his curves are wrong.
I conclude that his criticism is wrong.

[Mr. Aldridge has since informed me that he misinter-
preted this formula and withdraws his remarks on it.]

It will be convenient if I deal with Mr. Shepherd’s
communication respecting the same formula at this stage.
That gentleman writes—" I cannot quite follow the formula
cited on page 41, but know that the following expression
is more or less valid for the transition loss between two
line sections equivalent to not less than, say, 7 M.S.C.
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I
27

b = log. VI+ 7"+ 2rcosb

7/6 being the impedance ratio and “&” an attenuation to

be added to that of the lines” It can easily be shown that
th's formula must give similar results to that on page 41,
for long lines, and in the large number of cases where the
angle is small (loaded 1 nes and open lines) it is identical
To prove this, let cos § = 1 (ie, let the angle 6 be
negligible), then the formula becomes

b=logedr VI + 72+ 27 x1

= log.} 7 V(1 ¥ 7} = logs ——

e L
7
=Ioge

This gives the reflection at one point. To make it compar-
able with the formula on page 41, it must be modified for

I +7

application at a second point when it becomes and

the sum of the attenuation at those points is

I

1+ 7 I+ 7
log. P + log,
R 2474+
1+ 7 +t 7
Now ——— + =
2 2 2

. . ... 7
But 7 is the ratio of the Impedance, ‘., it is ——, there-

Zr
fore the formula becomes

0

Z,
2+ Zr + Z?‘ =I+_L<Zo + Zo>

2 2\ Zr Zr

L,z Zr
N 2+4(Zr + Z,

Now the formula in the brackets is that part of the formula
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on page 41 of my Paper, which applies to long lines. To

complete the proof of identity, call —I——:l; =A=fr
14—

7 1/ 7Z, Zy \
——;———B:flr,then1+?<zr +———~Zr>~A+B.
It can be shown that

log: A + log. B = loge—A—_—g—B—
1+ —
. I+7 Ve 1 1 Z Zr
[) 1 [) =] e ] — g | =0y T
that is log 5 Tloge — 0g|:2+4<Zr+Zo>:|
Zr
where 7 = Q.ED.
Z,

I cannot, however, follow Mr. Shepherd’s treatment of
the angle 6.

Mr. Hay has made experiments to determine the
equivalent frequency of human speech, and he finds it to
be much less than 800 periods per second. He says the
expression “epuivalent frequency of speech is defined as
that particular frequency of alternating voltage which,
when applied to a transmission c'rcutt by means of the
Standard Voice, or a sine-wave alternator, gives exactly
equal electrical results.”

Mr. Hay measured the Impedance of a condenser and
an Inductance in a line which was being spoken into, and
from that he determined the {frequency. In practice,
speech 1s, of course, received through a terminal telephone,
and the observed attenuation is based on observations
which involve electrical, magnetic mechanical, acoustic, and
physiological effects. I think this is qute a different case
to that dealt with by Mr. Hay. As to why we should get a
difference in the two cases is a matter for investigation,
but one cannot, in my opinion, argue from the one to the
other. For example, the ear may be more sens‘tive to the
upper than the lower notes and the elimination of upper
notes which takes place may give the effect of increased
attenuation, also the diaphragm will tend to resonance at
some frequency The concencus of op'nion of competent
authorities is that a frequency of 800 perinds represents
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the attenuation due to speech for practical purposes. I
think, however, that one should maintain an open mind on
this subject in the present state of our knowledge.

Mr. Hay thinks it unfortunate that I perpetuate the
use of 8 as an attenuation constant. He prefers o as more
logical. It is well known that 8 was formerly in general
use as the attenuation constant, in England and elsewhere,
and that it 1s still used by a considerable majority of writers
throughout Europe. I think Pupin was probably the first to
use it, in America. If we take a sufficiently broad view
of the matter, we must admit that the use of o in such
circumstances would only lead to confusion. Until the
matter is decided definitely by an international conference,
I think no alteration should be made, 7.¢, B8 should be used.

Mr. Shepherd is of opinion that Heaviside should be
referred to in connection with the distortionless condition,
as he is the author of all that is known of this particular
condition. I fully agree as to Heaviside’s wonderful work,
but I thought his achievements were so well known that to
emphasise them would be like gilding fine gold or somewhat
like acknowledging Ohm in connection with Ohm’s law.
Still, I am pleased to place our common obligation to him
once more on record. Mr. Shepherd suggests an exhaustive
test on a new artificial cable representing an aerial line
which is now available. Mr. Cohen referred to this. I
think it would be a very useful adjunct if its equivalence to
aerial lines is verified by comparison with them, more
particularly the variation of the electrical constants with
frequency.
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