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MEASUREMENTS.

By B. S. COHEN, Associate Member, and
G. M. SHEPHERD.
(Paper read May 9, 1907.)

Inirodiiciory.—The study of telephonic transmission in a scientific
manner has advanced very considerably during the last few years.
The necessity for increasing the range over which commercial
speech is possible, due to the constant extension "of the telephone into
remote districts, and also the realisation of the large expenditure
involved in line construction and the consequent possibilities for
economies, are undoubtedly responsible for this advance.' For some
time, however, the advance in transmission study has been mainly on
the theoretical side, and investigators into the value of inserting
inductances into telephone lines, such as Pupin, G. A. Campbell and
Hayes, also Kennelly, have elaborated and put into workable form the
original deductions of Oliver Heaviside on the transmission of alternating currents of variable frequency over telephone lines.
In order to apply in a practical manner the laws which govern the
transmission of telephone waves, il is necessary to have fairly accurate
quantitative information regarding the various factors concerned. The
latest formulas for calculating attenuation take into account practically
all these factors, and have been proved to give solutions of most of the
transmission problems met with in practice, but unfortunately very
little is known as to the value of most of these factors.
As an example, what may be called the two fundamental factors in
obtaining quantitative transmission results, viz., the average and highest
important frequencies to be found in telephone speech waves, have
been in the past more or less guessed at, and consequently very little
information exists regarding many other factors which depend on them,
such as line and apparatus impedances.
The acquisition of any absolutely accurate figures is a matter of
extreme difficulty owing to the large number of variables existing, but
an endeavour has been made to get data sufficiently accurate for
practical application. This has been rendered possible as a result of
the introduction of a number of instruments suitable for measuring the
various attributes of telephone waves and lines.
The results described in this paper have been obtained in the
investigation laboratory of the National Telephone Company, and
embody methods of measuring frequency, distortion, attenuation,
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current and power of telephone waves, and also line and instrument
impedances.
STUDY OF WAVE-FORM AND DISTORTION.

Use of Oscillograph.—As might be expected, the oscillograph has
afforded a great deal of useful information with regard to telephone
waves.
*
*A a s in 'pay1

"0031 sec.

A as in bar
O-H2 sec.

0*031" sec.

O'ii2 sec.

o as in 'oh!

o*ii2 sec.

oo as m poor

FIG. I.

The instrument used is the high-frequency pattern of Duddell.
This instrument has two separate vibrators which can be used in a
variety of ways. For investigating the attenuation and distortion of
waves over telephone lines, one can be placed at the beginning, and
the other at the end of the line.
Owing to the small resistance (about io ohms) of these vibrators and
their negligible inductance, they have no appreciable disturbing effect
on the circuit into which they are introduced.
This oscillograph is used in conjunction with the falling photo* The number associated with each oscillogram is the approximate value of the
time axis for the portion of the curve shown.
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Owing to the high frequency and general

complexity of many of the telephone waves, it is very necessary that
the vibrators should be working at their correct damping temperature
in order to obtain reliable records. As mentioned by Duddell and
others, the best test for correct damping is a square wave produced
by interrupting a direct current.
Oscillogrants of Speech Waves.—Fig. i shows a number of vowel

sounds as interpreted by a common battery solid-back transmitter
working at normal load. These were continuously sounded into the
transmitter mouthpiece.
These vowel sounds are quite characteristic, and can be picked
out in many oscillograms of complete words, although they get
cur.

O'ii2 sec.
••»•

H»»IJV\A/U

O"ii2 sec.

p as in pea
P

FIG.

ee

2.

altered somewhat in shape by different voices. The small ripple on
the flat portion of the E wave marked y, for example, is considerably
amplified in some voices, and the portion x very often disappears completely. The main characteristics, however, remain. E appears to be
much the simplest of all the vowel sounds.
The falling-plate camera does not lend itself so readily to the
recording of consonants, but by rapidly repeating the consonant and
reducing the speed of the falling plate it is possible to obtain satisfactory records.
Fig. 2 shows a number of consonants and words. The beginning
and end of each word is indicated. These cases (" cur," " pea," and
" tea "), which have all explosive consonants, are interesting. It will
be seen that the explosive portion is quite separate and distinct from
the vowel portion, being, in some cases,. separated by an interval of
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quiescence. The question arose as to why the consonant portion in
these cases should be generally of smaller amplitude than the vowel
portion, as in the case of the originating sound wave the ear would
appear to indicate that the reverse is the case. It was thought that
this might be due to the transmitter diaphragm, which in the case of
the solid back is somewhat heavy and is strongly damped, and would
not therefore respond to the brief consonant portion so well as to the
vowel portions. In order to prove this, the same consonants were
recorded, using both the solid-back and a lighter diaphragm granular
transmitter.
ee

FIG.

3.

Fig. 3 shows the sound " tea" with the light diaphragm transmitter.
In this case the consonant portion is nearly of the same amplitude as
the vowel portion, the diaphragm is also very little damped and indicates high-frequency vibrations in the interval between the consonant
and the vowel which were not shown up by the solid back. Fig. 3
also shows an oscillogram of the consonant portion of " tea " taken by
itself. This is clearly a reproduction of part of the preceding figure
and helps to prove the accuracy of these oscillograms. It is interesting to note that the tests of the particular light diaphragm-transmitter
used gave articulation superior to that of the solid back, although the
former transmitter was in some ways inferior to the latter.
o*ii2 sec.

FIG.

4.

It may be of interest to mention .that the most efficient sound from .
the point of view of amplitude is the "00" vowel sound as in poor,'
whilst the least efficient sounds are the consonants " s " and the rolled I
" r " ; the " r," which is of very high frequency, is depicted in Fig.>4. ,.;
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CHANGE IN WAVE-FORM IN TRANSMISSION.

The oscillograph is obviously specially suited to the investigation
of the attenuation and distortion of waves over telephone lines, and
particularly to the latter.

0-131 sec.

FIG.

5.

Fig. 5 shows the attenuation and distortion of a fairly complex
sound wave (singing "la") over a 16-mile cable line. The cable in
this case was equivalent to one with i7'6 miles of 20-lb. conductors,
and the transmission over this length of line is very good indeed.
On analysing the received wave it is found that everything above
the seventh harmonic seems to have practically been wiped out, and
this harmonic represents a frequency of 980 r\J.

0-028 sec.

FIG.

6.

. Fig. 6 shows a note sung by a girl in a high tone, which was taken
as representing the upper limit for speech frequency. The line in this
case was i6'6 miles of 20 lbs. On analysing these curves the highest
frequency left prominent in the received wave was 3,000 rsJ. This is
a very high figure, and does not necessarily represent a frequency that
matters, first, because the fundamental was exceptionally high, and,
secondly, because the speech limit is not reached until about 50 miles
of 20-lb. cable is in circuit; unfortunately we have not found it
possible to obtain an analysable record over this mileage with the
qscillograph.
; The analysis of the two waves in Fig. 5 brings to light the fact that
the attenuation of the current behaves in a curiously fluctuating manner
as the frequency increases. The following table gives percentages of
received currents for the various harmonics ;—•
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Harmonic.

Percentage received.

Harmonic.

Percentage received.

I

8ro

9

25-O

(Fundamental)
2

47-0
-

10

25-O

3

57 o

11

8ro

4

46*0

12

13-0

5

4i-5

13

2'5

6

28-0

14

15-5

7

25-0

*5

4-0

8

30-0

The big rise at the eleventh harmonic is very noticeable.
A further example of this effect is apparent in the wave-forms of

FIG.

7.

Fig. 7, which represent a singing " 0 0 " sound on 30 miles of cable.
Analysis up to the eleventh harmonic shows the following percentages
received :—
Harmonic.

Percentage received.

Harmonic.

Percentage received.

I

34"3 .

7

6-3

2

167

8

i-5

3

6-o

9

33-o

4

S'o

10

i6- 4

5

I'O

11

8-2

6

7*3

The ninth harmonic is the notable one in this case, and would have
a frequency of about 2,295 <\j . Such analyses as the above are, of
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course, somewhat rough affairs, owing to the difficulty in obtaining
clearly denned enlargements of attenuated wave negatives ; it is also an
extremely laborious business.
• The absence, unfortunately, of any precise data regarding the
terminal conditions of the circuit when these oscillograms were taken,
renders it impossible to explain the phenomena theoretically. That
such an occurrence is in some degree possible, however, may be
demonstrated by taking an arbitrary complex E.M.F., and supposing
this to be impressed upon a circuit of known electrical constants.
Thus, let the following—
E =100 sin pt + 75 sin (2pi — 45) + 50 sin (spi + 30),
with a fundamental of 200 r\J, be the actual potential difference at the
sending end of a cable line whose data are :—
Length
Capacity
Resistance
Inductance

15 miles ;
0*054 m-f- P e r
85 ohms
o

received wave
FIG.

8.

and which is terminated by a piece of apparatus, such as a telephone
instrument of, say, 0*18 henry and 200 ohms.
Fig. 8 shows the above function plotted out through a complete
period, both for the beginning and end of the circuit. In this
theoretical example the percentages of received current for the three
harmonics present are respectively—
1st
2nd
5th ...

57-4 per cent.
71-5
14-4

510

COHEN AND SHEPHERD: TELEPHONIC

[May 9th,

Oliver Heaviside deals with this matter at some length in his
collected papers, Vol. II., and shows by means of the equation for the
receiving end impedance, that the latter passes through successive
maxima and minima values with increasing frequency. These fluctuations become less and less marked, and finally disappear at high
frequencies. What precisely the practical effect on transmission is of
this special reinforcement and diminution of certain tones we cannot
at present say. The causes tending towards distortion are so many
and varied th'at perhaps the resultant effect is not so strongly felt as
might otherwise be the case. At all events, Heaviside's remarks regarding the instinctive quality of the human ear for recognising what must
in reality be the merest phantoms of speech vibrations, appear to be
pretty well borne out in practice. Volume is the prime necessity;
articulation is, comparatively speaking, of secondary importance. The
subject of line resonance (if that term may be applied) seems, however,
to be one worthy of closer investigation.
As previously mentioned, figures for the highest frequency met with
in speech waves, which must be retained in order to obtain intelligible
speech, are of great importance, and although the oscillograph may
help to obtain some idea on this subject, this method is necessarily
exceedingly complex and laborious, and involves the likelihood of considerable error, although it must be borne in mind that any absolute
figures are out of the question, as the point at which articulation
becomes so bad as to render the speech unintelligible involves the
personal equation to a considerable extent.
HIGHEST IMPORTANT FREQUENCY IN TELEPHOXE WAVES.

Some tests carried out on loaded lines led to an interesting method
of ascertaining the highest important frequency in articulate speech.
If the spacing—i.e., distance apart—of loading coils is increased, and
at the same time the amount of inductance per mile inserted is
unchanged, the attenuation constant also increases gradually, and at
one particular spacing increases to an enormous extent.
Fig. g shows curves for the variation of attenuation constant with
spacing for frequencies of 8oo and i,6oo fXJ. These curves were calculated from formulae by G. A. Campbell (see Appendix), and have been
confirmed by tests made with a sine-wave alternator.
As the articulation of a received telephone wave depends to a.very .
great extent on the attenuation of the harmonics present, it was thought
that the application of the arrangement just referred to would help to
settle the question as to vvhich frequencies determine by their presence
or absence the difference between articulate and inarticulate transmission.
>-.:..
A series of articulation observations were consequently made on
20 miles of cable for increasing spacing intervals with a constant
i
load of 0T7 henry per circuit mile and commencing with a distribution
of i load per mile.
.
i
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It was found that a 2-mile load was very slightly inferior to the
unloaded line of equivalent speaking volume, but still gave excellent
commercial transmission. This indicates that harmonics above
1,600 r\J may be dispensed with (see Fig. 9).
With 3-mile distribution the articulation was commercial, but
201jb.cahie.
Chang ; of tLttem aCion cons f.a,nr, with aoac.
of loading coils
The load per mile
of circuit beinc keDt constant. Curve A - S o o n J
•• B-l,600nj
Thus I coil every mile.
z coils
" 2 miles
3 "
- 3
etc.
et: c

3

^ ^

/
/

«a

JA@800 r

Be

/
\

Loads d_li

I

\t

t

llnifr rm 1ne
1
~jm~ ^

O

...

I

.

2

3

!

J
45

1 • Unifor m Hii e
.___.

,1 •

6

1

7 .

Miles between loads.
FIG. 9.

decidedly inferior to the unloaded line. The critical frequency for this
disposition of the load was about I,IOO. (\i, and it is thus apparent that,
harmonics between 1,100 r\j and 1,600 r\j are valuable.
:. For 4-mile intervals speech, became quite impossible, although
the volume-was still quite considerable, and w.e must therefore conclude:
that the highest.indispensable frequency lies between 800 and 1,100 f>o,
and also that it.is desirable to retain something higher, than 1,100 (\j.

512

COHEN AND SHEPHERD: TELEPHONIC

[May 9th,

for really high-grade transmission. Probably 1,500 (\) would be quite
a satisfactory figure to base calculations on.
Pupin and other writers use 750 to 800 rv> for many transmission
calculations. It is important to note that this represents a fair average
frequency, as damping constants calculated with this value can be
obtained experimentally when using actual speech waves.
RELATIONSHIP BETWEEN SENT AND RECEIVED WAVES ON SHORT
. CABLE LINES.

On short cable lines, and, provided that some amount of terminal
impedance exists at both ends of the line, the relationship between the
sent and received currents is somewhat peculiar. Fig. 10 shows the
wave at the beginning and end of a line equivalent to 2-2 miles of
20-lb. cable, and in this case the receiving end wave is of considerably
greater amplitude than the wave at the transmitting end.
The wave in this case was produced by whistling into the transmitter. The effect is considered further on in connection with
telephone current measurements.

WWVWvWM/VW
0*024

sec

-

FIG.

10.

Effects Produced by Opening and Closing Receiving Ends of the

Line.—Fig. IIA shows the effect on the transmitted wave when
opening and closing the receiving end of a line consisting of 2
miles of 20-lb? cable. With this short line the cable current passing
from the A to the B wires, by virtue of their mutual capacity, is
smaller than the total current flowing when the far end is closed.
The variation in wave-form is also very noticeable. When, however,
the line is 7*5 miles of the same cable, the current is actually greater
when the far end is open than when it is closed (see Fig. IIB). Lastly,
when the line gets beyond a certain length, the effect on the amplitude
at the transmitting end by opening and closing the receiving end is
negligible.
Fig. IIC shows the effect with 20 miles of 20-lb. cable.
These phenomena, which are dealt with further in another part of
this paper, are due to the action of the terminal impedance, and may
prove of considerable importance to the telephone engineer, as they
can be varied to a great extent by varying the impedances of the
terminal apparatus. With long lines, the tendency is for the
impedance at the sending end to become a constant quantity, not
varying appreciably with the length, and the reaction of the
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terminal apparatus becomes evident only to a very small degree at
the sending end.
CURRENT MEASURERS AND MEASUREMENTS.

Two forms of apparatus
thermo galvanometer.
The barretter, otherwise
measuring small alternating
conducting wire or filament,

have been used, the barretter and the
termed the bolometer, is a device for
or fluctuating currents.' It consists of a
which has a high temperature coefficient

open

Open

Closod

AAAAAAAAAA/
/\AA/WVWW *-.
c
FIG.

ii.

and a small mass, so that small currents will appreciably raise the
temperature, and thus alter the resistance. The barretter has been
employed by Professor V. Boys in constructing the radio micrometer,
by Fessenden, by Lieutenant Tissot * for wireless telegraph measurements, and lastly, by A. E. Kennelly.f
Professor Kennelly used barretters made of very fine platinum
wires. Owing to the extreme delicacy of these wires, Dr. Hayes, of
the American Telegraph and Telephone Company, carried out investigations to discover a barretter more suitable for work outside the
* Journal Institution of Electrical Engineers, vol. 36, p . 468.
f 'Transactions of Internat. Elect. Congress, St. Louis, 1904, vol. iii., p . 414.
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laboratory. He found that small low-voltage telephone switchboard
lamps gave satisfactory results, and this has been confirmed by
experiments carried out by us.
The best lamp we have found for this purpose is a special pattern
24-volt curl filament, lamp for telephone switchboard use.
The curve (Fig. 12) shows the relationship between the current
and the resistance using this lamp. Following the usual law, the
greatest resistance variation with these carbon filaments occurs when
using small currents. ,
Experiments have been tried to increase the sensibility of the
filaments by overrunning the lamp for some hours, and thus
reducing the mass ; but although great sensibilities have been
obtained, it was found impossible to make a number of barretters
1.300

1,200

1,160

1,000

Milli&mperes.
FIG.

12.

exactly similar to another. The filaments always reduce at their
weakest point, and, in consequence, although two filaments could be
obtained having the same sensibility, the time of response to a
change of current, varied, and with the null method of working
barretters described further on, this gave rise to trouble.
NULL METHOD OF WORKING.

The arrangement of barretters shown in Fig. 13 has been adopted
after considerable experiment.
This arrangement enables measurements of apparatus and line
impedance, capacity, etc., to be carried out, the result being obtained
in actual ohm values and with very little more trouble than that
involved in taking an ordinary resistance measurement with direct
current.
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The figure shows a source of alternating current such as a sine-wave
alternator connected to two branch circuits, in one of which a variable
resistance box A is inserted. The other arm has the apparatus or line
to be measured, inserted at B.
The barretters are connected through adjustable resistances and
batteries to the galvanometer, which can be of any pattern.
The shunt, which for general work can be varied from 10 to about
500 ohms, helps to eliminate errors due to the impedance of the barretter
circuits.
The barretters are first balanced in resistance by the adjustable
resistances until the galvanometer indicates ho deflection. The alternating current is then applied, the circuit being through the condensers
and round the barretters. This current is stopped from passing from
one branch into the other, via the galvanometer, by the four choking
coils.1 When the resistance box in A is adjusted so that no deflection
is indicated on the galvanometer, then the resistance unplugged in A,
after making allowance for the impedance of the shunted barretter
Adjustable
resistance

;

'

FIG.

13.

circuits, represents, the impedance of B, and if the two barretters are
not exactly similar, a second reading can be taken with A and B reversed
and the mean taken. Variations in barretter resistance caused by temperature changes have no effect on this arrangement, as the barretters
are fixed close together and compensate each other.
CORRECTIONS TO BE APPLIED WHEN MEASURING EFFECTIVE
SISTANCE INDUCTANCE, OR CAPACITY, BY THE BARRETTER.

RE-

. Inductance.—Let R be the balancing resistance unplugged from the
box, and r the total resistance of barretter and shunt, and Ro the effective
resistance of the apparatus measured (includes true resistance and iron
losses).
Then—
provided that the impedance of circuit on galvanometer side of barretter
is high enough to be negligible, and that both circuits are fed with the
same voltage.
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From the equation it is evident—
(1) If r is small enough, R .is the true impedance. In no other
case is this so.
(2) In somecases Ro will be small compared.with the reactance,
and then—
(3) By varying r and taking (two) readings it is possible to eliminate
I and obtain RQ. Thence the impedance and inductance
can be obtained.

600

6poo
500

5poo

o 300
S3PO0

200

zpoo
IO0

ipoo

80

120

I6O

200

240

280

560

Deflections.
FIG. 14.

By taking x r, = n, then—
R _ R / - R » 2 + 2r I (a:R 2 -R 1 )
—

2 n (^ — 1)

".

Condenser Measurement.—In this case the same formula will hold,
Ro being the effective insulation of the condenser. It includes
dielectric losses. As a rule these are negligible, and we get—

Defledional Use.—In this method only one barretter is actually used,
the other being merely left in the circuit to balance the one used, both
for atmospheric temperature variations and for' resistance. One of the

400

1907.]

TRANSMISSION MEASUREMENTS.

517

barretters is inserted in the circuit in which the value of the current
strength is required, and the change in its resistance due to this current
causes the galvanometer to deflect. The instrument then becomes
practically a hot wire ammeter. It has this disadvantage that it is somewhat difficult to calibrate. The simplest method of calibrating is to
pass an alternating current through the barretter in series with a known
variable resistance, and to measure the P.D. across the latter with an
electrostatic voltmeter.. Fig. 14 shows such a calibration curve. It
will be seen that 60 micro-amps, correspond with 10 divisions deflection (about 5 mm.). This is about the minimum measurable.
The sensibility of the barretters used in relation to telephone
currents is such that fairly small non-inductive shunts can be used to
eliminate the effect of the barretter impedance.
When testing telephone lines, ordinary telephone repeating coils,
etc., can be inserted in order to give the ordinary terminal conditions
met with in practice.
1

THERMO GALVANOMETER.

Duddell's thermo galvanometer has been used for current measurements. It has many advantages, and for deflectional methods is probably
unrivalled if the source of power is absolutely steady, but it cannot be
satisfactorily employed with transmitters in circuit owing to their variability, even although the sound impressed is quite steady. The barretter
is somewhat better for this purpose, as the mass of the filaments employed is greater than that of the heaters used in the thermo galvanometer of the same relative sensibility, and consequently the time of
response to a.- current variation in the thermo galvanometer is smaller,
and the sensibility to momentary disturbances thus much greater. This
comparison, of course, only refers to the actual apparatus employed, and
it should be quite possible to alter the time of response of the thermo
galvanometer, and thus reduce its sensibility to small disturbances.
Some of the measurements referred to in the ensuing pages have been
made with the thermo galvanometer.
CURRENT MEASUREMENTS.

The relationship between the currents Cs and Cr at the beginning
and end respectively of different lengths of telephone line can be
readily measured with two barretters. As mentioned before, the
relationship is complicated by the addition of terminal impedances
at either end of the line. Fig. 15 shows this current relation plotted
for various lengths of 20-lb. conductor cable equipped with ordinary
telephone instruments at either end.
It will be seen that up to nearly 6 miles the received current is
greater than the sending current. At about 20 miles the sending
end current, which has up to this length been mostly increasing, has
practically reached a constant figure, and is after this very little affected
by any further increase in the length of line.
VOL. 39.
36
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The necessity for allowing for the action of the terminal apparatus
is well emphasised by these curves.
Fig. 16 shows the relationship between the current at the sending
end of the line when the receiving end is open and closed for various
lengths of line. The cable line used in this case had 20-lb. conductors,
and the line was terminated as before at either end by ordinary telephone
instruments.
It will be noticed that at about 20 miles and upwards the
current flowing into the cable is practically unaffected by the opening
and closing of the receiving end, and that this also happens at about
2 miles. The current used for the above tests was at 800 r\J, and
practically sinusoidal in form.
DETERMINATION OF DAMPING CONSTANTS ON 20-LB. CABLE.

This was done by actuating an ordinary telephone transmilti'r/g
circuit by a steady musical note, and then observing the ratio of
sending and receiving currents on a varying length of cable, which
could either be shorted at the far end, or closed through a known
impedance. The appended table shows the relation found between
the actual Cs/Cr, and the hyperbolic function cosh (la), which is the
calculated ratio of Cs to Cr. (Where / is the length of line and a the
complex attenuation constant see Appendix.)
Miles.

Cs
Cr

Cosh (la).

Error.

Far end she rt-circuited.
IO65

792

1-0287

—3-5 per cent.

10

I-385

783

1-374°

-o-8

15

2-3IO

763

2-3100

00

5

„

Far end closed throu gh impedance 22 ohmso-15 henry.
10

1-302

792

1-2400 *

—4"8 per cent.

Considering the irregularity in wave-form of a microphone produced current, the agreement between theory and practice is very
fair. The telephone currents actually used were of the order of those
commonly observed on standard common battery junction circuits.
By roughly balancing up a treble C singing note sung into a
transmitter against a sinusoidal alternating current of similar frequency
placed direct on the junction at the transmitting end, and then measuring the latter current on the thermo galvanometer, a general idea of the
magnitude of the talking current is obtained.
* ,This figure is the ratio of receiving end to sendingend impedance.
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At the sending end of the line and at the junction side of the
repeating coil, a current of about 5 m.a, and a P.D. of about 3*5 volts
was observed. In the receiving instrument secondary, about 2-4 m.a.
with 10 miles, 0*53 m.a. with 30 miles, and 0*24 m.a. with 40 miles of
20-lb. cable, were measured. There were local subscribers' loops of
150 ohms resistance in connection with the above circuit.
SINUSOIDAL CURRENT PRODUCERS.

Considerable difficulty has been experienced in obtaining a steady
sinusoidal current of the frequencies required for telephone measurements.
Arrangements depending on the reaction of transmitters and
receivers have been tried, but without satisfactory results, as the
waves are not by any means sinusoidal, and it is impossible to obtain
the requisite steadiness. At present there appears to be no machine
of a reasonably small size on the markets for which the makers will
give a sufficiently definite guarantee at the frequencies required.

FIG.

17A.

As an example of the difficulty experienced, Fig. 17A is an oscillogram taken with such a machine of the wave-form on a non-inductive
load. The suppliers were under the impression that this machine
would give a closely sinusoidal wave-form. The machine used at
present is a small inductor alternator, having an armature built up
of ordinary slotted stamping, and gives a frequency of 800 f\J at

FIG.

17B.

960 r.p.m. The output is small, but the wave is a very fair one,
considering that no special shaping of the teeth was attempted.
Fig. 17B is an oscillogram from this machine.
WAVE FILTER.

In order to purify the wave-form for very precise measurements
the peculiar property of the periodic loaded line already referred to
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and mentioned by G. A. Campbell * in his paper on loaded lines has
been utilised. By building up an artificial line, consisting of four or
five sections, each associated with a condenser, inductance and resistance coils, it is found possible practically to abolish all upper
harmonics and to leave the fundamental frequency desired. A wave
filter of this description requires no tuning, and is safe over a considerable range of frequency, but naturally introduces a certain amount
of loss.
POWER MEASUREMENTS.

The measurement of the energy absorbed by telephonic apparatus
under working conditions presents considerable difficulty.
The
amount of energy is frequently exceedingly small, perhaps a few
microwatts only, and is always a very variable quantity. At the date
of writing this paper we are unaware of any instrument directly
indicating small fractions of a watt, which could be included in the
receiver circuit of a telephone without radically changing the circuit
conditions. An ironless two-coil wattmeter of the requisite sensibility
offers a series impedance of many thousand ohms, and is, of course,
quite inadmissible on that account. A thermal method seems to be
the only alternative, and the hot-wire voltmeter method, due, we
believe, to Mr. M. B. Field, was employed with some success. The
theory of this arrangement is given in the Appendix, and the connections are shown in Fig. 18. The instrument used to indicate the vector
sum and difference of potential was a Duddell thermo-galvanometer,
operating with a ioo-ohm heater. As only one such instrument
happened to be available, it was necessary to employ a reversing switch
to change the sense of the P.D. component. Switching arrangements
were also provided to permit of current and P.D. measurements to
be made independently, and to calibrate the galvanometer when
required, by continuous current. Some difficulty was experienced
in finding a suitable transformer for this work, presumably on account
of complications occasioned by iron losses at the moderately high
:f requencies used to imitate speech currents, and also by variations of
transformation ratio. An air-core transformer would probably have
been a cumbrous and costly piece of apparatus, for it had to be borne
in mind that, as the secondary winding was across the telephone
circuit, a high inductance was imperative. A toroidal coil having
a core composed of iron wire of about No. 40 S.W.G. was finally
adopted. The dimensions of this core were approximately 11^ cms.
external diameter, sectional area 7 sq. cms., depth 5 cms. The two
windings had about 2,000 turns and 100 turns respectively, and the
ratio of transformation experimentally determined ranged from 96*5 to
19-3, according to the number of secondary turns employed. A series
of preliminary tests was made with the above described combination,
using artificial loads made up of known non-inductive resistances,
capacities, and inductances; and the results, though not of a very
* Phil. Mag., vol. v., 1903, p. 313.
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high order of accuracy, were yet encouraging when the difficulties
were considered. The thermo galvanometer, as mentioned previously,
when worked up to its greatest sensibility, was found to be extremely
sensible to outside disturbances of various kinds, and much trouble was

calibrate
FIG. 18.

experienced from leakage and capacity currents in the test circuits.
When the frequency is even no higher than 8oo no the term " noninductive," as usually applied to resistances, requires qualification ;
and unless care be taken very erroneous conclusions may be arrived
at. Some results using this apparatus are appended :—
Effective.
Apparatus Tested.

Current.

Actual
Watts.

Apparent
Watts.

Power
Factor.
L.

R.
165

00

001435

0600

00425

O'O222O

002930

0-760

00280

120-ohmReceiverand I
Induction Coil ...)

0-00220

C.B. Repeater, Type)
25 C.with 150-0'hm \
Subscribers' Line... J

0'0020S

0-00139

0-00247

0562

00650

o-oor49

0x10218

0685

00690

165
227

320

00

000858

o-ou6o

CO

000695

120-ohm Receiver

00

C.B. Receiver
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Test of sending end impedance of 30 miles of 20-lb. paper
telephone cable, far end open :—
Current.

Watts.

0-00658

CO163

Power Factor. Phase Angle.

071

440 48'

Impedance.

OO

552 ohms

8lO

This is in good agreement with the theoretical estimate of the
impedance of this class of cable, viz., 550 ohms and phase angle 450.
All the above-described tests were made with current supplied by the
small inductor alternator previously referred to using its natural
wave-form.
In these days of the sovereignty of the two-coil wattmeter one
scarcely cares to mention the three-voltmeter method, but as a matter
of fact this method was found very convenient for certain measurements of the efficiency of induction and repeating coils. The
instrument used was an Ayrton-Mather electrostatic voltmeter having
a readable range of about 1-10 volts. By switching over quickly into
the requisite positions on the circuit quite consistent readings could
be obtained.
An excellent point in favour of this voltmeter in connection with
telephonic measurements is its negligible working current. It is a
little disconcerting to find that the efficiency of conversion between
the primary and secondary circuits of a telephone is of the order of
1 per cent., though when used as an ordinary transformer, at about
800 r\j passing a current of a few milliamperes, the efficiency of the best
type of induction coil is quite high, viz., about 72 per cent. The low
efficiency in the former case is, of course, due to the large constant
component of the current in the primary. A slightly higher efficiency
was found for a coil of the toroidal pattern, but, unfortunately, improvements in the direction of a closed magnetic circuit have not so far proved
feasible for induction coils.
We have also applied the three-voltmeter test to the determination of cable constants at working frequencies. This method (see
Appendix E) seems to have been used to some extent by Dr. Breisig,
of the German Telegraphs, who, however, employed apparatus of a
special kind to measure the phase of the entering current. In the
experiments made in the National Telephone Company's laboratory
the cable line to be tested was connected to the high-frequency generator through non-inductive resistances inserted in either leg, and the
watts, current, and voltage observed when (1) the distant end was
open, and (2) when same was short-circuited. From these two sets of
correlated readings the impedances at the sending end are specified
completely as vectors, and thence the four constants R, L, S, and C
may be deduced. As experiments in this direction are at present only
in their initial stages, we are unable to say much about them.
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Cables of the ordinary telephone types are notable chiefly for their
high copper resistance, very small inductance, and high insulation ;
consequently the evaluation of the inductance and leakage constants
depends on the possibility of very accurate phase measurements correct
to a few minutes. This is a matter of considerable difficulty, and the
examples given below must be regarded as trial endeavours :—
Impedance.

R.

C.

s.

657 - 290 18'

82-4

0-0540

712 x 10-6

644 - 360 6'

94-0

0^0624

Line.

10 m. 20-lb.)
Standard... [
io m. 23-lb. I
Artificial..'.)

End open.

End S.C.

495 - 54° 20'
498 - 51° 28'

L.

ooor45

750'

O'OO020

750

Currents used were from 6 to 10 m.a. with P.D.s of 2 or 3 volts.
The figures for resistance and- capacity differ very slightly from what
would be obtained by'direct-current measurements.
The constants L and S in the case of the 20-lb. cable are possibly
doubtful, owing to the phase-measuring difficulty referred to, but there
is good reason to believe that there is a very considerable reduction in
the effective insulation of paper cables at telephonic frequencies. It is
hoped that further investigation will lead to more precise results.
TELEPHONE LINE EQUIVALENTS EXPERIMENTALLY OBTAINED BY
MEANS OF VOICE TESTS.
.

The National Telephone Company were perhaps the first English
telephone authorities to obtain any very .accurate figures for the relative
transmission values of various types of telephone lines.
A series of attenuation qonstants for all the types of lines in use in
this country were calculated in July, 1904, from the now well-known
formulas, taking into account the resistance, capacity, inductance, and
average leakage, and the results were embodied in a table of equivalents, taking a 20-lb. low-capacity cable as a standard. The results
• were experimentally verified in December and January, 1904 and 1905,
. the method for verifying being a simple one. This table of equivalents
has already been published in Mr. Gavey's presidential address.
Talk is transmitted over two lines alternately, using the same telephone instruments for both lines, one of1 which is a variable standard
line and the other the actual line under test. The variable standard,
which in the laboratory is an actual telephone cable capable of being
varied in length from o*i to 52 miles, and which for portable purposes
consists of an artificial cable calibrated against the laboratory standard,
is adjusted until the talk over both lines as judged by the ear is
balanced, and the ratio of length of non-standard to length of standard
.
gives the equivalent.
With practice, variations of very small fractions of a mile can be
detected.
.
•
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An endeavour has been made in this paper to apply to telephony
the systematic methods of research and investigation which have practically developed the- heavier branches of electrical engineering into
exact sciences. The subject is a large one, the conditions generally
exceedingly complex and variable, and the literature dealing with the
experimental side decidedly scanty. Of mathematical discourses on
wave propagation in cables, etc., there are plenty, but of a nature
which does not appeal to the engineer. Professor Kennelly has so far
perhaps made the most practical effort to grapple with the theory, and
all interested in this form of A.C. transmission owe a debt of gratitude
to him. . .
In conclusion the.authors of this paper would ask the electrical
engineering profession not to regard too severely any looseness of
expression and nomenclature to be found therein, as at the present
moment the subject is scarcely more than just opening up.
They desire also to express their indebtedness to the National
Telephone Company, and especially Mr. Gill. It is their policy in
providing at considerable expense the necessary apparatus and facilities
that has enabled the authors to carry on the investigations embodied in
this paper. Thanks are also due to Messrs. Aldridge, Coote, and Styles,
who have rendered valuable assistance in many of the investigations.
APPENDIX.
A. THEORY OF TRANSMISSION.

Considering the current and potential at any point at distance x
from the receiving end of a line, having resistance R, leakage conductance S, capacity C, and inductance L, all per unit of length, we have
for the fundamental equations of propagation where i and E are current
and potential respectively—

or—

writing I and Y for the impedance and admittance factors.
rentiation and substitution—

H

• •

By diffe-

• • • (3)
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The general solution for E is—
E = Ae ' 4 B e

. . . . . . . (5)

2

where A and B are arbitrary and a = IY.
1 7j E
Whence for / = - ^— the solution is—
I <),T
1 = - (A e

—Be

)

(6)

The terminal conditions are involved in the coefficients A and B.
Equations (5) and (6) may be expressed in terms of the hyperbolic
functions as follows :—
E = (A + B) cosh a x + (A — B) sinh a x

yY r

~\

j I (A — B) cosh ax + (A + B) sinh ax I
— = an impedance, say i!—
(A 4- B) cosh ax + (A — B) sinh ax )
Y l ( A - B ) cosh ax + (A + B) sinh a x )
•A 4 B
-^Y
or say—

—XT tanh a x
LI+A^ B
1

It follows that at—

tanh ax

I
I

/ I j K 4 tanh a x )
Y ( 1 + K tanh ax >
__

x = o, Ix = \ / i .
x = cc, I I = V ~
Using Dr. Kennelly's notation, we have—

for the receiving instrument impedance, and—

for the line impedance, whence—
*-%•
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and (7) then becomes-

?r + tanh / a
(8)

the impedance at the sending end for any length of line /.
Writing E r and ir for the values at the receiving instrument, and if
V = impressed voltage at the transmitting end—
ir7,r
V

A+ B
(A + B) cosh / a + (A — B) sinh / a

Consequently—
V

Zr cosh Ia +Zosmh la
The denominator of the last expression is termed the receiving end
impedance, and is the criterion for the magnitude of the received
current for any specified impressed E.M.F.
For the initial current we, of course, have—

These expressions are now well known, and can without difficulty
be applied to numerical calculations, no easy matter in the case of the
more expanded formulae of Heaviside.
Some confusion seems to exist as to the title of the constant a. Dr.
Kennelly styles it the attenuation constant, a term applied (we consider
with more justification) by some other authorities to the real part of a.
Since a is a complex quantity equivalent to—
say, it follows that—

a2 + /32 = (R2 + f \4 (S* + F C2
a2 — jS9 = R S — F L C
and .'.
J
13= J

F L*) (S2 + F ^) + £ (R S - F L C)
(..'..

do. . . . ) - ( . . do. . . )

. . (11)

It is the quantity a which is of such immense importance to telephone engineers, since it affords a measure of the decay of the transmitted impulses. In practice a may vary from about 0*0022 for the
heaviest type of copper aerial construction to perhaps 0*22 for the
lightest gauge of underground cable at present used, assuming a
frequency of 750 c\J.
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B. LINE WITH PERIODIC INDUCTANCE COILS.

The following formula, due to G. A. Campbell, enables the attenuation on a non-uniform line to be determined :—
cosh lx at = cosh lx a -\—^-sinh^a

(12)

2 Z/o

where—

at = the required complex attenuation constant,
/, = distance between inductance coils,
Zx = impedance of a coil.
As shown by the curves (Fig. 9), strong attenuation takes place at a
particular value of /„ given by the expression—
JUC=x

(13)

'where Lx is the total inductance per unit length assumed, uniformly
distributed.

FIG.

19:

C. RELATION OF SENDING AND RECEIVING CURRENTS ON SHORT
LINES.

In these cases the governing factor is the terminal apparatus, and
perhaps the most evident explanation of the fact of the receiving
current being larger than that at the sending end, is that the line
capacity is supplying the idle current for the inductance of the receiver.
Assuming the total capacity lumped at the middle of the loop, we
then have the ordinary vector diagram (see Fig. 19), from which the
possibility of Cr exceeding Cs is manifest.
The condition for distributed capacity may be approximated to very
closely in a telephone circuit by assuming condensers at 2- or 3-mile
intervals. In formulas (9) and (10) it is likewise fairly clear that for
small values of / a, Zs may be the larger impedance.
OPENING OR SHORT-CIRCUITING RECEIVING END.

For Zr = o it follows that Zs = Zo tanh (/ a), tanh (/ a) being a quantity
which tends towards 1 as a limiting value, but slightly exceeds 1 at a
certain stage of the increase of (la).
Again, if Zr = oc , Zs = Zo coth I a, and it is therefore possible for the
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impedance at the transmitting end to be greater when the far end is
closed through a negligible resistance than when the far end is opencircuited.
D.- FIELD'S THEORY OF HIS TWO-VOLTMETER METHOD.

Let V and C represent the instantaneous values of the current and
E.M.F., and let K V and R C be voltages proportional to these, obtained
by means of (a) a small step-down transformer, and (b) a series noninductive resistance; let, further, Dx and D2 be the instantaneous
values representing the sum and difference of the above voltages for
the two positions of the'reversing switch.
That is—
D, = R C + K V
D 2 = R C - KV.
We have then the relation at every instant—
•'•

' = V C = instantaneous watts.

Representing the effective values of these quantities by D,, D=, V,
and C—

where ^ is the power factor.
The resistance and inductance of the transformer secondary being
of very slight importance, the only correction will be that due to the
non-inductive resistance not being negligible in comparison with the
galvanometer.

This introduces the factor (—^—j on the left-hand

side of fhe above expression for the true watts.
E. DETERMINATION OF LINE CONSTANTS.

If Zy= the observed vector impedance when far end of circuit is
open,
Zg = same when far end is short-circuited,
' ;
then—
Z / = Z o c o t h la
.'. Zo = JZfZjr

(14)

and—
t<mhla = ^/ £

(15)
1

a = 7 tanh" v / -— ..
also—

From equations (16), and knowing the value of zizn, the foutconstants R L, S, and C are obtained.
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TRANSMISSION MODELS.

A series of models illustrating in a topographic manner the
variations of potential, current, and phase relations along a transmission line, have been constructed, see Fig. 20. Distances measured
along the vertical spindle represent length of line, and the amplitudes
at the different mileages are represented by the height of the radial.

FIG.

20.

wires, whilst the phase lag in regard to the initial P.D. (which is the
datum point), is shown by the rotation in the sense of a left-handed
screw.
Figs. 21 and 22 also represent graphically the conditions of models
2 and 4. The line, however, is somewhat shorter, viz., 15 miles.
This method of mechanically demonstrating the progress of a wave,
of course, naturally suggests itself if one calculates the potential and
current values with their appropriate lag in phase down the line. This
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Initial
V.

Initial
Current.

R.

c.

s.

L.

r\j

Wave
Length.

[May.9th,
Remarks.

Mode I No. 1.—5 oo-milt 400-/6 trunk line. Ten tinal apparatus,
230 watts, 0*085 henry.
5 volts 7*8 milli- 4'5 0*0092
amps. watts m.f.

10-6

3 "44
m.h.

800

Model 2.—20-mile 20-/6. cable. Terminal
145 watts, o*i henry.
5 volts 8*9 milliamps.

85

0*054
m.f.

Nil

Nil

222

miles

800

Phase differencc between
E. & V. about
10° average
until terminal
complicates
matters. Attenuation
r e g u l a r for
a b o u t 400
miles.

apparatus,
58*6
miles

Phase difference about 450
to about halfway.and then
phase gradually changes
from lead to
lag.

Model 3.—Same as 2, but higher frequency.
5 volts ii*9milliamps.

85

0*054
m.f.

Nil

Nil 1,400
miles

Note much
greater attenuation.

Model 4.—Same as 2, but with load of 0*085 henry per mile.
5 volts 4*23milliamps.

85

0-054
m.f.

Nil

0*085 8 0 0
m.h.

18*5
miles

Much smaller
attenuation
than '2, but
considerab 1 e
periodic fluctuations.

Model 5.—Same as 4, but higher frequency.
5 volts 4*43 milliamps.

85

0*054

m.f.

Nil

0*085 1,440 10*3

m.h.

miles

can be done either by the analytical formulae for distributed capacity,
etc., as was the case in this 500-mile trunk model, or by a simple
graphical construction which assumes the line to be divided up into,
say, 2- or 3-mile sections each containing a condenser, resistance,
and inductance of the proper magnitude. The method of procedure,
a form of* which may be found in " Blakesley's Alternating Currents,"
chap, vi., is to assume a current' or potential in the last section of the
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line containing the instrument, and then work backwards to the
beginning of the line.
Having thus reached the starting-point, the actual initial value of,
say, the voltage is substituted for the constructional value, and the
other points down the curve are reduced in the same proportion. The
agreement between the analytical and graphical methods of describing
these curves is very close provided the latter is not pushed too far
in the matter of frequency or lumping capacity, etc. We believe that
Dr. C. V. Drysdale, and possibly other people, have been working on
these lines for demonstration purposes, and, therefore, no special
originality is claimed.
There is also an interesting contribution to this subject from M.
Blondel in L'Eclairage Electrique, commencing October 27, 1906.
DISCUSSION.

Mr. A. CAMPBELL : Before showing a simple experiment, I should Mr.
like to make a few remarks on two points of interest in the paper. aniPbe11The first point I desire to refer to is the series of oscillograms of
vowels and consonants given in the paper. I think a good deal of
light would be thrown on such diagrams by a study of linguistic
Phonetics, a science which is, I am sorry to say, almost absolutely
neglected in this country. For instance, the break or. " glide"
between the p and ee or the t and the ee is quite interesting to
the student of phonetics. In -Southern English and German this
glide is distinctly aspirated, but quite without aspiration in French.
It is probable that the aspirated glide is of too high frequency
and too small amplitude to show on the oscillograph. To get regular
results in things like this, it is almost absolutely necessary to know
a great deal about the actual varieties of vowels and consonants;
for example, few people would notice that the e in " h e " has not the
same sound in Northern and in Southern English. On page 524 the
authors remark that there appears to be a very considerable reduction
in the effective insulation of paper cables at telephonic frequencies. I
have no doubt that they used well-dried paper cables, i.e., as dielectric,
dry cellulose. Now, from experiments I made not long ago with
cellulose, I found very clearly that in the air-dry condition, where
there is a considerable amount of moisture present, the cellulose had a
very much larger effective resistance for low than for high frequencies ;
and I notice that a similar result has been obtained by two French
scientists in testing electrolytic resistances (dilute acid) with very high
frequencies of several million OJ per second. In the case of the welldried paper cable I think the minute traces of associated moisture in
the cellulose account for this change of effective resistance, for the
most thorough drying always appears to leave a certain amount of
moisture in the paper.
•
The experiment which I proceed to show is to illustrate the action
of an ordinary microphone transmitter. The alternating-current
VOL. 39,
37

