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A STUDY OF AN ARTIFICIAL TZLEPEONE LINE

The purpose of this study was to perform tests on an
artificial telephone line to illustrate the fundamental
piinciples of telephone transmission line phenomona. The
artificial line and the equipment used with it was given
to the Celifornia Institute of Technology through the
generosity of the companies associated with the American
Telephone ahd Telegraph Company. It wes designed primar-
ily to be operated as a telephone line although resistors
are provided which can be short-circuited to make the line
equivalent to a power circuit. The tests described in
this study were taken only when the line was connected es
a telephone line. The teste included measurements of the
distribution of current, voltage, and impedance at a number
of frequencies in the voice range with different terminal
conditione of the line. The effect of loading was studied
by the‘use of shunt resistors. Resonance, reflection, and
the Ferannti effects were also observed and measured. The
value of an artificial line lies in approximating or act-
ually reproducing the conditions in a rezl line, so this
line wes investigated to see how nearly it behaved as &
real line.

Since many artificial lines such as tunis have been
built and tested, their properties are well known and there
are probably little of new phenomén& to be observed in a

line such as this one. The chief value therefore lies in
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checking trensmission line calculations, in beiﬁg able to
Observe phenomona thét could not be conveniently observed
on real trsnsmission lines,and for testing new apparatus.

.The aprnaratus used for testing were, excent for a
plate voltage supply set, built by the Western Electric
Company, and are comnletely described in the menuels for
the apparatus. However, it is worth while to give a brief
description of the apparatus here for the manuals cover it
in more detail than is recuired for only a general idea.

The artificial line wze assembled by other students
previous to this study in an arrangement suggested by the
Telephone Comvnany. The line consists of twenty-five WTH
sections, each section contzining a 14.o6 wmillibenry induct-
ance coil on each side of the line, a shunt condenser of
0.0645 microfarad capacity, and a resistance on each side
to bring the loop resistance of the section to approximately
83 ohms. EKach section is equivalent to 7.88 miles of No. 123
NBS gauge open-wire non-loaded line, the total eguivalent
loop length thus being 197 miles, Since the inductance
reprecsented in the adjacent halves of two sections is cou~
bined into one coil in order to reduce the number of coils
recuired end to save space, & “out-in® unit made up of two
half sections is provided to tap the line at points at
' which messurements are to be made. The line might have been
asseumbled as a pik(Tr) line but there is preacticelly no ad-
vantage to be‘gained by this connection for then the con-
densers would havé to be disconnected and be replaced by

- two half sized condensers when meazsurments were made. With



a pi circuit all the coils can be used thus making the
equivalent length of)line one section longer but extrea
condensers are then reguired. In "Laboratory Experiments
in High Frequency Electricel Trensmission® by . P.
Weinbach, an arrangement 1&g shown in which the parte can
be switched from one connection to the other quite easily.
A diagram of a part of the line showing the cut-in section

is given Dbelow.
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One of the difficult problems in connection with the
use of alternating current linese in the past has been that
of conveniently and quickly measuring the smell voltages
and currents which are used, pearticularly in artificial
telephone lines. This problem has been satiefactorily
sclved by the development of the vacuum tube voltueter-
milliammeter. The Wes%erm Electric type D=-7S01l7 Voltmeter-
' Milliemmeter supplied with the artificial line is a very
carefully designed and a flexible instrument for this
purpose. Ite_voltage renge is from 3.16 to .00l r.m.s.

volts and the current range is from 31.6 to .02 r.m.s.
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Milliamperes for frequencies between 100 and 5,000 cycles.
Between 2300 and 3,000 éycles the accuracy of umeasurement is
~about 2 per cent. For frequencies outside of thié range the
accuracy is not as great but should normally be better than
5 per cent. |

The principle of the circuit is based on a comparison
method of measuring. The unknown voltage is connected across
& high impedance transformer (or for current measurement
acroes a low resistance‘shunt) and the voltage is then fed
into a three stage impedance coupled amplifier whose ampli-
fication is variable over a wide range by means of cutout
switohee and potentiometers in the grid circuits. This an-
plifier is connected to & detector tube, which has a sensitive
d.c. milliemmeter in its plate circuit. The amplifier is firet
adjusted to give a convenient deflection on the meter. Then
the input of the amplifier is switched to a potentiometer
which has across it a known voltage at the test freguency. When
this potentiometer is adjusted to give the same deflection on
the meter as before, the voltage applied to the amplifier is
the same. The scale of the potentiocmeter is so graduated that
by means of switchee and a resistance network, it reads
directly in volts and milliamperes or in convenient multiples
of them. Voltage is supplied to the voltmeter-milliammeter
by the asciliator and is adjusted to the proper value for the
calibrated potentiometer by means of the d.c. meter and a
sensitive thermo-couple. - Since the applied voltage is 3.16
volts, this cen be done with the ordinary thermo-couples

that are available. & sending circuit which 1s adjusted %o



send one milli-watt of testing power into & 600 ohm circuit
is also connected to the caelibrated circuit. This system
of measuring obviously o#ercomes the disadv&ntageé of errors
due to variation of battery voltage, tube characteristics,
ete. It is, however, necessary to check the voltage on the
calibrated circuit for each reading to get good accuracy.

'~ This is particularly true when there are variations in the
voltage of the oscillator or if the load on the sending
circuit varies. The whole apparatus is substantially assem-
bled in a strong box and weighs about 135 pounds without
batteries so that it can be readily moved about.

In order to be certain of the accuracy of the ﬁoltmeter—
milliammeter its calibration and accuracy was checked before
and during tests. The thermocouple calibration was checked
usingla Weeton Standard Laboratory Voltmeter by the method
described in the A. T. & T. Manual D 79017, Article 4.12,
which wae sent with the meter. Only a slight readjustment
wze found necessary.‘ The accuracy of the voltmeter-milliam-
meter wes checked by the method described in article 4.4 of
the same manuzl.

A Western Electrio type 8-A Oscillator supplies testing
power., It is capable of supplying from 235 to 35 milliamperes
into a 600 ohm load in a frequency range of from 100 to
S0,000 cyclés. The frequency variations due to temperature
changes are less than one per cent and a nearly pure sine
wave 1is gener&téd up to the maximum out put. It is satis-

factory for most purposes without the use of a "C" battery
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but the wave form is still further improved if a "C" battery
is used. The oscillating circuit is a conventional vacuum

- tube generator ahd is made of indﬁctance coils.-and condensers
which can be cut in and out of the circuit by means of dial
switchese to vary the freguency. The calibration chart fur-
nished with the oscillator gives the diel settings only for
frequencies twenty cycles apart. For some work it is desir-
able to get nearly the exact freguency so graphs, which are
now in the manual for the oscillator, were prepared. It was
found that on the lower frequencies the variatione in con-
denser settings (which are divided in tenths) could be
plotted against frecuency for a given coil setting. This is
not quite as accurate as determining each setting by the use
of an impedance bridge as described in the oscillator manual
but the fact that the curves were smooth and continuous
indicated that the settings taken from the curve are nearly
as accurate as those taken from the chart. The oscillator,
like the voltmeter-millizmmeter, is substantially assembled
in & strong box so that it is easily portable.

The oscillator reqguires twenty-four volts for the
filament supply and 130 voltes for the plate voltage supply.
Since the plate current is about 60 milliamperes, the life
of dry batteries would be short, so a plate supply rectifier
o operate fiom the a.c. lighting circuit was built by kr.
Ingersoll. Oonsiderable difficulty was encountered this
year in using it however, for while it would no doubt be
quite satisfactory as a plate voltage supply for a radio set,

~ certain charscteristices of the voltmeter-milliammeter make
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its use less satisfactory then the use of batteries. Due
to the fact that slow variations of the a.c. voltage cannot
‘be filtered out, the d.c. voltage varied. These were suffi-
cient to make readings on the voltmeter-milliemeter impossible.
However, by supplying the volitmeter-milliammeter with a
battery and the oscillator only with the rectified voltage
readings could be taken. The varying sunply voltage, of course,
varied the voltage output of the oscillator which in turn pro-
duced variations on the meter and changed its calibration. To
partielly compensate for this the rectifier was rewired to give
better voltage regulation and to permit "C" voltage for the
oscillator to be taken from it. An increase in voltzge then
made the grid more negative and tended to lower the oscillator
output voltage, and vice versa. A storage battery would have
given better results and the dry battery now necessary could
have been dispensed with.

Another piece of apperatus furnished with the artificisl
line is & Western Electric 1-B Impedance Bridge. It is a
standard type bridge for measuring the resistance and react-
ance of telephone apparatus over the voice frequency range
(aporoximately 100 to 3000cycles). It is used in connection
with the oscillator and a receiver. The bridge heas a range
of from + 580 to -560 millihenries, the "4" sign representing
inductive reéctance and the "-* sign capacitive reactance.

The theory of transmission lines has been quite complete-
ly developed and‘is presented in several textbooks. Pract-
icelly all of these texts use the hyperbolic method of

~calculation so it is not necessary to repeat the developnment



of the formulae here. The notation and equations given in
"Principles of Tranamiésion in Telepﬁony" by ¥. P. Weinbach
- will be used in the discussion of the results. The equations
recuired will be introduced as required.
RESULTS

Thé graphs which follow are referred to by plate numbere
and are grouped together. Following each plate there is a
data sheet from which the graph was nlotted. The graphs
showing the distribution of current, voltage, and impedance
against line length are plotted in per cent of the sending
end values since this makee the curves easier to interpret
and the scales are arbitrary anyhow. It happens that each
small division on the graph paper is one eighth of & section
length and since this is 7.88 miles, it is easy to read
approximate distances in miles. Distances are plotted in
section units,however, since it would be bothersome to plot
themk8xactly into miles. |

Plate I shows the distribution of current, voltage and
impedance along & line terminating in a load egual to its
characteristic impedance, at & frequency of 796.4 cycles
(amf = 5,000). This frequency has been chosen by the tele-
phone companies as a good average velue. If z line is of
infinite length, removing some finite length of line, say
one unit, should not change its characteristic imoedance.
That is, for finite distances from the sending end the
characteristic‘impedance,does not vary. Thus if a line of

finite length terminates in an impedance egual to its



characteristic impedance it should behdve like a infinite
line., The current and'VOltage will then decay exponentially
“according equations (6) and (7) given in Weinbach.
E = ESE_PS‘ (8)
| I= 156" (7)

The data sheet gives the calculatedvvalues as well es
the measured values. Due to the fact that the load used
was not exactly ecual to the characteristic impedance these
values do not check as closely as they might. The character-
istic impedance wes capacitive and it was not possible to
get the exact value desired, however it wes within ten per
cent so0 the error due to this should be small. 8ince the
impedance remains constant along the line the phase angle
between current and voltage does not change. This as well
as the exponential decay is also shown on plate II, which
shows a polar diagram for this condition. The length of
the vector fepresents the real part of the voltege or cur-
rent and the engular displacement the imaginary part. Thet
the attentuation increases linearly with distance, is shown
by the curve on plate I which gives the loss in transmission
units at each section along the line. The transmission unit
as chosen by the American Telephone and Telegraph Company
is defined by the equation,.

Loss in T.U.'s = 10 logyy Eels
I
rir

This giVes the loss in units which are nearly equal in value
to the former unit of miles of standard cable and are more

convenifent to use. The condition thet a line act like one

1. tPrinciples of Telephony in Trensmission" by M.F.Weinbach.
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of infinite length is that there are no reflections and
thus no phase shift between the current and voltage. Since
- the characteristic impedance varies with frequency, it is
not possible to have a line of finite length act as an in-
finite line at 21l frequenciee, but it will be seen later
from plates 15 and 16 that the value calculated for 796.4
cycles is not much different from the others except for
freguencies below about 500 cycles.

Plate 3 shows the current, voltage, and impedance
distribution at 796.4 cycles with the end of the line open.
The current here falls to zero at the end of the line and is
reflected back along the line producing standing waves in-
stead of the normal exponential decay. The rapid decrease
of current at fhe end of the line generates a higher voltage
there due to the rapid decrease in flux associated with +the
current. The voltage and current curves clearly show that
both quantities decay exponentially with‘the distance from
the sending end and also vary as sine and cosine functions
of the distance. By observing the distances between two
successive intersections of the current and voltage, the
wave length at this frequency can be easily determined. It
is, according to the curves 2318 miles, by calculation it is
230 miles. The impedance given by the ratio of volts to
amperes, varies along the line beeause of the phase shift,
becoming infinite at the end of the line. The attentuation
in transmission units is plotted against line length. It
»is'interesting fo observe thet the rate of attenuation is

about-the seme in the first half of the line as it is for

the infinite line given in plate I. This is because lines
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that are long electrically show little effect of the termin-
al conditions on the sending end impedance, particularly
Whén the line losses are great. The velues of current and
voltage were also calculated for this value of frequéncy
and,tefminai conditions and show & good agreement with the
measured values. There are occesional points that are
clearly in‘error and these may have been due to errors in
reading or to poor connections. These errors could be eli-
minsted by taking the measurements over and in fact this was
done for many of the tests when there were too many errors

in the cuive. The voltage and current distributions always
come out as smooth curves unless there is some kind of dis-
continuity in the line. In this case it is very easy to see
where this discontinuity is from the graph and it can then
be located on the line. This is not a practical method,
however, for use on actual line since it would be very diffi-
cult to measure the current and ﬁoltage distribution along a
real line. COn most of the curves it can be seen that every
other value of current is slightly in error. This is due in
some way to the method of using the half sections for measure-
ments, Since they are reversed every time it appeared that
this might be due to the fact that they are not symetrical
but measurements of resistance showed that this was not true.
It may be due to the fact that at every other section the
coils of the section are connected at one side to the sending
end andvthe other times to the receiving end and may draw a
small charging current due to their distributed cepacity.

This error is small, however, and is not very objectionable.
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It is quite tedious to make calculations for the current
and voltage at all poihts along the line so after it was

- found thet these velues checked well with the meaSured,
there would be very little purpose of meking any more., A
polar diagram of the open circuited line is also given on
plate 3.

Plate 4 which gives the curves for the same conditions
as plate 3, except that the end is short circuited, can be
seen to be the same in general character but the voltage and
current curves are now interchanged and the imoedance curve
for the short circuit condition is the reciprocal of that
for the open circuited line. Thig is indicated by the equa-
tions for the current and voltage along the line under the
two different conditions and the two quantitiee are here also
interchanged. This shows then that there is no particular
purvose in measuring the distribution under each of these
conditions when one of them is known. In the case of the
short circuited line the voltage wave is reflected.

Plate 5 shows the curves for the distribution of current
voltage and impedance at 100 cycles. Due to the fact that the
wave length of this line is long (1725 miles) and the damping
is great,there is little reflection. One hundred cycles is
below the fregquency used for ordinary telephone conversation
but it is desirable to transmit this frecuency when high
quality such as for radio broadcesting is desired.

Plate 6 shoﬁs the distribution of current, voltage and
impedence at 2330 cycles, which shows more pronounced reflec-

tion than at 100 cycles. Tris is true because here the wave
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length is about 1016 miles, thus a quarter wave length is
equal to 256 miles and at this wave length the reflection
'.Qn opeh circuit would be greatest if the line length were
256 miles. _Since it is near this length the reflection is
large.

Plate 7 shows the distribution of current, voltage end
impedance at 1000 cycles. leasurements of the distances be-
tween the intersections of the current and voltage waves
gives & wave lengtnh of 178 miles, which is less than the
length of line. It is evident that at every odd quarter wave
length the voltage is 2 meximum and the current is & mininmum,
while the reverse is true at distances equal to even quarter
wave lengths. Plate 8 also shows the distribution at 1000
cycles but with the voltages and currents plotted in volts
and milliamperes,

The purpose of this is for comparison with the pre-
ceding curve to show the advantage of the scales used there.

Plate ¢ shows the cigtribution of current, voltage and
impedance with the line short circuited, at a frequency of
3,000 cycles. The wave length as measured from the graph is
about 57 miles. The phenomona wmentioned for the other curves
are also evident here. This is considered the upper limit of
frequency necessery for good intelligibility in conversation,
but for good quality a cut off freguency of about.a,ooo
cycles may be desirable,

Plate 10 shows the distribution of current, wvoltage and
impedance at S,COO cycles which is about the limit at which a

good distribution curve can ve drawn from measurements. This
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is because the length of each section is neerly ecuel an
eighth of a wave length and the curves to a certain extent
' Vhave to be estimated. For measurements teaken only at the
end of the line this limitation is not present, but this
velue is also at the limit of the range of the vacuuw tube
voltueter-milliammeter, and onractically, excent for carrier
current frequencles which go much higher, no measurements
need to be made., The Calculated cut-off frecuency of the
line is 7,300 cycles so weasurements could not be carried
much farther on thie line. This cut-cff frequency is based
on & rescnance phenomonsa and because of resistance in the
circuit it is not sharp. However the correction for the
readings taken at 5,000 cycles is wery suall and cen be
neglected, hence the line can bé consicered eguivalent to
an actual line up to this frequency. his is discusgsed in
deteil in "Artificial Electric Lines! by Kennely and also
in "Trensmiseion Circuites for Telephonic Communication" by
Johnson.

Plate 11 which shows the distribution of current, volt-
age and impedance at 315 cycles, for the line open circuited,
the frequency at which the line length is equal one fourth
the natural wave length. This is indicated by the fect that
the current and voltage waves intersect et almost the mid-
point of the line. The value for the resonant freguency was
calculated according to the exact formula given on page 50
of "Principles of Trensmission in Televphony" by Weinbach.
The measured value checks with the calculated value. The

value as given by the approximate formula is 336 cycles which
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is close enough if the line resistance is low, that is, if
the line is assumed to be composed only of inductance and
| - capacitance. The graph shown in plate 12 which gives the
distribution at 860 cycles at which the natural frequency
should be equal to the line length. However, it does not
check as well as the 215 distribution curve. The curve
indicates that the frequency should be a little lower.

Plate 13 shows & very interesting effect which is en-
countered in lines which are short electrically, neamely,
the Ferannti effect. This is the effect in which the voltage
is higher at the receiving end of the line than at the send-
ing end. The maximum value occurs when the line length is
equal to one fourth of the natursl wave length. However, if
the attenuation is too great no Ferranti effect will be ob-
served above thedefinite length of line, when the attenuatim
constant is lesg than 56.09 per cent of the weve length con-
stant. This is shown very well by the.curves. By looking
at plate 5 showing the distribution on open circuit at 100
cycles it is seen that since the receiver voltage is lesg then
the sending voltage there will not be a Ferranti effect for
the full length of line. However, if a little lower freguency
were used & Feranntl effect might be observed, for the attenua-
tion decreases with decrease of freguency although the Ferranti
effect also decreases. Another interesting effect csn be ob-
tainéd by short circuiting the line at various lengths, when
curves will be obtained which correspond to the Ferannti effect
for voltages. |

Cne of the distorting effects on unloaded lines is the



1e.

unegual attenuation of the different freguencies, If the
line 1s loaded the maximum amount, all frequencies are
attenuated alike. However, linee are seldom loaded this
much. The theory at first published by Heaviegide, states
that for a distortionless line the product of the line re-
sistence and shunt cepacity must be equal to the product of
the line inductance and the shunt conductance. In the or-
dinary telephone line this result is attained through in-
cre&sing the line inductance by lumped loading in the form
of low resistence inductance coils. The same result could
be obtained by decreasing the decreasing shunt capacitance
or by increasing the shunt conductance.

The effect of loading wes studied by inserting shunt
resistors acroes the line at the section junctions. It
happené that telephone lines are normally loaded at points
7.88 miles apart so it is quite easy to imitate the effect
of regular loading by putting shunt resistors at the middle
of each section, since the inductance in an ertificial line
is already in lumps. This was accomplished by soldering
clipes on the condensers to hold the resistors, which were the
ordinary grid leaks such &s are used in radioc sets. These
had to be wmeasured and sorted to get resistors which canme
within 5% of an average value.

Galculafions show that in the case of the line being
studied the shunt resistors should be 35,000 ohms each at
each section for distortionless transmission. This is about
a2 thousandth of the leakege resistance of a real line. 1In
~order to ®mpproximate an actual loading condition,resistors

having 65,700 ohms resistance were used. It would, however,



be quite easy to test other values of resistors in the same
cliprs. The sending end receiving volt-amperes were measured
for & range of freguencies from 100 to 2,600 cycles with the
line terminating in a load equal to the char&cteristic
impedeance af 796.4 cycles, with the resistore on the line
and without the resistors. Using this data the attenuation
in transmiésion units wes calculated and plotted against
frequency. The results of this test were disappointing as
the only conclusion evident was that the attenuvation is
greater with the resistors. The line is rather short to
require loading for correcting attenuation variations and
since the transmission unit is & logarithm the variations
appear small on the granh. The distribution of current and
voltage along the line was measured with the resistors on
the line but the percent variations were so near those with-
out the resistors that there is no need tc plot it.

Plates 15 and 16 show the resulﬁs of measuring the
cheracteristic line impedance at open circuit and short cir-
culit by using the'impedance bridge. The resistance and in-
ductance were measured over a range of freguencies from 300
to 4,200 cycles. From this date the short circuit and open
circuit impedance could be calculated. Weinbach gives the

formula for characteristic impedance as,

Z. €= [Z L

The characteristic phase angle &« is also plotted. - It is
seen that 3Z, represents the mean of the oven circuit and

the shdrt circuit impedance and also that above about 800

17.
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cycles its velue is nearly constant. The line presents
capacitative reactance at all freguencies but values plotted
in millihenries since these were measured on the bridge. Their

values can, however, easily be converted into microfarads.

CONCLUSICNS

The measured values as shown on the plates show & good
agreement with the calculated values and show that this arti-
ficial line, for purposes of tests, is equivalent to a real
line up to 5000 cycles. The data on the use of shunt re-
sistors for decreasing distortion ie not conclusive for the
line was not long enough to have much distortion. The theory
indicates that this method would produce the desired results,
but at the expense of a large decrease in efficiency.

This report represents only a smell portion of the
possible number of tests which can be performed with this
epparatus but it illustrates the main points in the theory
of electric wave transmission over lines. To teke up every
point in connection with the theory would recuire much more
time than wes aveilable., A considerable amount of time wes
spent in becoming femilisr with the manipulation of the

apperatus and in getting it to operate satisfactorily.

* ok kN ok

The writer wishes to express hies appreciation for the
assistance given him by lir. Hossack and lr. Biddle during
the second term. He also wishes to thank Prof. Sorensen
and lir. Mexstadt for suggestions and criticisms.



1°.

BIBLIOGRAPHY

"Principles of Telephony in Transmission" by M. P. Weinbach,

"Laboratory Experiments in High Freqguency Electrical
Transmission® by . P. Weinbach.

“Electric Power Transmission and Distribution' by Woodruff.

"Artificial Electric Lines" by Kennely.

"Transmission Circuits for Telephonic Gommunic&tion:

by Johnson.

"Telephone Communigation® by Wright and Puchstein.



Rt

§1 B g 2]

fimedalde




Juta Sheet for Plates 1 o« 2

20 1o

R e — s S1
8 E 003—'0() iy e raa,
v o= 32240 n
) o .
A - -"-%7:-’ = &20 wilse

<
[

= 17E,000 .iies per s
-0

12055 g 4=.f

L4
O

Distribution of Current, Voltage and Iuwpedance along
Lins Jernizited in = le@ad e usl o ils Cusrectaristvic
Lupedence, f-= 796.4 cycles ‘
5. B, L e Mo s,
. vyolts & siLp - : dezrecs
O BV 1.17¢ 1.000 L.00U0G U L.clC - ¢
l -’;‘b(“‘ :L-L: 092\) -Z‘]f:ntb . )Eu(., v&')‘iu —12 oS
2 JTEC L.C4 00O 00 cLiTe W90 -25 .5
o OO ris NS Wao  LLT6C L BOU ~30 .5
4 L0601 LEER SO JTOS GJEOFR YUl =FEoWF
5 WCEE erete I GE S4B L2048 JT4E -04 o4&
€ SIS 25 L6 JLvd o LSReE LTuo =77 .C
T 550 L0lb I LLYC &LIE O LGEE R
& <ERC JT15 Jei6 . LLl6 4Tz 004 -10Z.C
) 490 LEGE B0 LT JROL Lo «l1€.0
10 462 e Ll JFie JBov JEEE -liZo.€
11 . .43F 608 Bl LELE L E4T I R S B
2 40V RIVEs EOL 287 ,TC6 avd  -1h4 .4
10 . 082 . 540 Y LBl JTEF WP =167 .o
14 W 370 WEL1O A8 LR LE24 W&FE =100.L0
15 o S&T 4860 L41l 406 .B&2 Als -1938.Z
16  .o87 460 OO oY WY&Z LN L =206.0
17 07 430 063 wotd 1,001 Lot <219.C
18 257 JACE BT 40 1.06C Jo4€  -ZEL1LF
19 L8C IS «ol6 L.llc L3231 =BhuE, U
20 .2F4 LORE . 501 LTS L.2o6 L2YL =27CL4
b 254 cGER »ollL TS L.2OC J2vl -27C.4
22 .843 LOCE LZ6FE 287 L.BvE BT S -2¢El.F
< WBES 265 271 24l 1,0R4 LFY =256,
4 215 ETE 254 208 1,418 2as =00y .2
5 W LO7 260 WRBE WL2C 1.472 LaR2Y -0R& .2

&
LU
LCes
C

- - - - - .
ST ES PO R O
o =3 UL

o

B I ar il OANY - o

~3
C

.

V]

A
(e

06
[0
sl
Lo
A5
LOU
.
&L
1C.31
LC.e7
Li.58
Li.6F
lz.28

o gz
el

N NI T SN S S IR AV SV ol o

oo~

e

(X8



7 Loy ]

‘ P - fis
& e v ; s
i et E e

¥ a

i ; s
30 pagtie) 24 (S 158 D040 D
Ul parouiud Bl puy

payrmAD UadD puz

Z
e

s N o4
X
A\

Z 29T
SYAO 'O6L = f
QU244nD puo 2604/N .

2y} U2oM 24 U0 D) 2A dSPYT 0
2uy buirmoys swio1bDI(T A0[O




t

2447

L4

i
Nt




Date esheet for Plates 2 « 3
The Distribution of Current, Voltage, and Iwpedsnce slong

én Open Circuited Line at 796.4 cycles o
‘ /1 {celculated )Phase T.U,

R T ‘O/IS s I, angle. Loas

0 .862 1.13C 1.000 1.000 1.0C0 1.GCO 1.C0C £C.C ¢
1 .791 1,120 .927 .99C .936 .986 .970 21.5 Al
2 .716 1.07C  .831 947 .831 .658 .937 £2.7 1.04
3 J6FL 1.040 755 ,920 .82l L7171 L907 2B.9  1.77
4 .61l LULE  .709 L0672 L,uld L7iE  .869 50.6  2.09
B .547 .662  .635 .7(5 .64 .BBE JTB6 GE.2 5.15
B L0656 .945 .68y L8896 JTUL  L6B7  LBLlE 0.6 D.EG
7 JE4o  .GlO 630 WTiT  .876  L642  .631 39,2  5.45
& JFaC 702 .627  .621 1.01C .63Y .616 40.9  4.10
9 .B536 .63l J6BF .BB8 l.l2 644 LF4Y 41,6 4.5
O JEBY B4R L6254 L479 1.30  .632 .477 O4.5  £.24
11 LEZ 480 .603  .480 1.40 616 .486 26,0 5,86
12 492 L4583 JBTL  .40L L.42  LBGE .40 L1B.L 6.4l
15 J4FC  .460 522  .407 1.26  .B36 .4ll 3.6  6.72
14  .408 L4738 466 .416 1.115 475 432 -4.2  7.10
15 JB4€ .B22  J4CL 473 .8BC .40l  .464 -T.T  T.42
1€ 273 WBFR2 317 .4EC  «6FE0  JBEE W49l =F.8 .10
17,212 .B72  .246  .B07 465 .244  JBUT 6.9 9.05
16 .164 .563  .19C .496 .56l .1¥Z .BOB 26.0 10.28
19 .165 .540C  .189 .478 LByl .1yl .48C 5BE.2 10.43
20 194 .498  .225 .442 510 .236 .442 77.1 10.01

21 2«6 .4Z1 L0E L3990 .740
22 .00 So6 LO&E L2908 L.16u

ool BY.b J.6C
oCL 95.4 v.ob

1 O
O
Gl

25 342 (B4l o7 W&LS 1.86E L4120 210 1C9.1 10.72
24 375 (127 AoB Jllz o.87 va4 o L7 L00.6 1o.l0
25 .36l .COOU 442 L0 © AEE LU 29,0 o0

R = €1.86 onw.

X= Lo = 0292 x BOCO = 146.C Oius_,
o= 0645 x 10 = BCUO Wr.&azu X 1C who.

L3 le7.4€79%

-~ — j90.°
2oz x 102 €

.jﬂﬁ3s'

non

"
=¥
*

720.5 €

(&)
§t
|
"

. z
i j75°22
o.= Jay = 2385 €

a = p cos d = .CRoL Lyp. rad.
v = psind = .2245 7 "
)\ = el = o oo ;
7 v 27 .9 sectioneg = B2C wiles
CA) - rsé SRV | " o ~ - . Y-
V= —_ = 475,000 wllies per gscoud.

g = E.a 0——.7_._9._*0811 7 S& i-= Ip ———R——-S nh SE
: cosu p wo einh p 3,
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" Data Sheet for Plate 4
Distribution of Currdnt, Voltage, and Iwpedance, along

& onort Circulted Line at 79€.4 cycles,

€5

r oy ‘ : ; = 7
8 g I, /E& I/Is /T
0 L66C 1.22F 1.000 1.00C 1.000C
1 820 © 1.110 J9EG L8352 1.07C
2 JIYE: 1.020C I24 JTEL L.110
3 JIGE L9168 .8E9 707 1.162
4 JTOT L8658 0b6 .66c L.210
B . 682 W010 193 008 1.19
6 022 VS 746 L6324 1.16
7 JETY 7B 671 »God 1.06
9 »4E6 7159 .ES0 627 JO4E
10 400 760 4E5 2T 742
11 «OBE 745 i 12 .608 - 070
1z . 42 .7C0 097 B2 695
13 o b4 .645 «4&C0 5.7 LTEC
14 .362 572 421 46T .900
15 .08 C W4L2 452 ovd 1.147
16 Cl4&12 . oB7 479 216 1.515
17 AZ6 297 ASE 243 2,04

404 236 470 193 2.44

ol
e N e

20 75 282 e 456 .20 1.598
21 PC22 ShE 074 29C 1.290
Z2a W2FS 2RO J2I& L O4E L0bB2
2o LU LAG2 209 vl 530
24 L0928 526 <107 CEOE ZFU
2°F .0 L E46 0 L4160 o

GO&L D a-

Prufieactaindil et~
Is = I0 0 S Ao

cosn p PLF

= . = 220ciles






Deta Sheet for Plate 5

Lthe Vistribution of Current, Voltsge and Iwpedance
Along &n: Open Circuited Line at 100 cycles

_ t _ .
S B I. E/,I 1/_, e
' s 8 g I 1g /1

0 1.14 958 1.00C 1.0006 1,000
1 1.12 810 960 L97C 1,01
2 1.09 LG00 954 LIEE 1.C15E
5 1.06 600 916 927 L9450
4 1.04 600 e JOFS 1,060
E 1.02 19 Y3 604 1.078
6 1.02 JIES 693 L6C1 1,118
% 1.00 REE LT E Li70 1.156
8 5B 67 LT L B 1.208
9 VY 641 66 L 65T L.2EB
10 L90T LE0L L6k (640 1.346
11 L9E7 556 664 .EYE 1.450
2 LSER .BEE 662 LEFS 1,540
3 950 450 LG66 LEE2 1,660
id 1.0C 442 OTE 71 1.8F€
15 W99E 401 o7 1 427 2.025
16 1,000 o84 875 L 388 2,25
17 1.000 321 BT 542 Z.56

18 1.01 207 Jocd L oU6 &.89
19 1.0& =50 - .8Y2 L 6L S.0F
20 1.01 203 o4 Ll 4,09
21 1.C2 16E L0092 176 5.06
22 1.0z 124 92 L LOZ 6€.75
S 1.01 ' 0G4 004 OB E J.60
L4 1.0l 0404 004 L0426 20.7

5 L.C2 .G oY 0 o

Weve lengtu 1750 wiiss.
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Data Sheat for Plate 6
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Deta Sheet for Plste 7T& 8
ine uistribution of Current, Volls

an Open Circuited Lige &t L5000 crcaes

. ™
3 %y I /g /I
C »GBR L.20Q 1.000 1Ll
i oS 1,09 WHEG 906
2 J9E W99 U ol NSYA:
G . 756 R rNE LCOUY %)
4 L7C5 8500 Ol 7o
5 608 LETR JED JTE6
€ LB C 000G L ET U P16
7 002 04 PR XE LT
8 iB D 830 CEOG L0852
g S4&L1 VAR 489 LE4T
10 Ald TR0 WL GE 6.C
11 RGTS LLEG JFuF L R
12 L4611 »BRF JE&2 Y
13 466 42 B4 T
14 JAET L O0B4 BH3ET .ol2

22 215 »420 W30 » OB C
25 COLE Loeld o067 .51
24 LSBT o LE 480 131
2F SET ¢ eEC v

Weve leagth = 176 allies
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Data sneet Jor Plate 9

The Distributiosn of Current, Voltage, <l

4 dnort Citculted Line .t 3,00u Cyeryies

[ 653

{5

b
4

3/ 2q I/; I

1>

W

& 170 1.270 1,008 1.000
1 740 1.32¢ 961 LBEE
2 062 1.090 LC6C .B56
3 E9F 1.06¢ TS E3
4 60U Lo1E 780 722
5 JEGE RERT VEE LGFd
6 AT LEE3 J61F 670
7 445 803 JE7E €32
8 JATE 652 617 513
9 428 628 JELT Py

10 . 343 LETT 445 F3E

11 L3552 LY AT 463

12 .388 a6 504 GBS

15 317 JE05 412 597

14 Lo17 558 304 448

15 255 403 .38 LOL7

16 519 302 414 .238

17 205 443 27C 54

18 167 ViF6 E17 LGE9

1y L27F 249 . 3BT 156

20 2F6 248 358 1oE

21 105 410 134 VOB

22 160 LOEY 208 262

23 267 . 083 4T . 06E

24 202 .286 262 2z7

25 c 410 0 L3285
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Dala sSheet for Plate 1¢
fhe Distribution of Current, Voltaszs,

21
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221
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176
s eld
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196
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and JIwpedsnce

along an Open Circuited .ine at B,C0C Cycyles

|

.

-
.
& Oy

k
O
SO G

OGN~ O0

.

L.042

3

L]

t/\;,
&
cn

1.121
646
1.IEC
IO
1,555
551
2,26
D36
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Dats Sheet ior Plate 11

[

e dlguerusation of Curreat, Voltzze, and lupedance along

=3

an Open Circuited Line F = 215 Cycles (1,4 wave isazti)

[

w
4
4
b

[~

v 9ub 1.000 L.0C0 1.00C

i 01 E 1.04¢ ok vau

2 Nepae 1.000 LC7E 1

5 VS W9 EQ L7 ol

= R Il RS »OG G

B YRS soLl LGB .0lv

€ 681 JI9E Lol W (90

7 .61C SOL2 049 JIBE

8 Bk TS G622 JTOE

9 FE N Ve Coo

10 549 v LBl LT 0

1l B4l 665 oETE Ll
ig JFEC 627 Sla Joo

15 JFOY «F U8 ET L «ERT +.0EC
14 2546 67 LTUE avd L.lEC
15 « 550 .50 atels LETE 1.2F
16 P60l w450 BT 418 L.al
17 LETC 412 L0606 .82 1.58
18 LBl OFE .618 oa 1.c2
19 JEYE ol N 29D 2.16
ac LFUb 219 030 J2al 2.B4
21 L608 213 SOAT auk J.LF
Za 612 L1695 L&h1 oLPL 4.20
S L61F ,110 eSS . LCE 6.00
24 $C20 LUERD WCEY .04y la.C
25 6L J 661 Y g

H
3v]
b
. |1
Lo
-

f/é = 21B c¢reles






Data Sneat for Piate 12

©Jdhe oistribuation of Curreay Voltage - nd ILapedince along

an Open Clircuiteld Line at 660 Crecles.

i
4
4

e
w
¢

;. 1
/ Bg /T

’

C LOBR 1,17 Lo0te 1.00C

1 W020 L.O7 B2 .91b L.040
g JJES L.06 L5680 LoCr W72
o L7700 1.CL ,0lE S08 iEE
< 630 1.2 J131 LOTE NS
5 626 $96 7126 L0283 oL
6 520 oYk 614 T 1wl
7 505 .OF Bue 126 » 807
8 V4905 .82 518 $70C 827
9 506 .69 . 587 »590 995
10 +B13 64 +EYb D46 1.06¢e

11 .505 51 BB 436 1.345
12 497 48 LT ALC 1.410
15 475 .42 V549 LR Y 1.E30
14 432 VAT 02 .48 1.250
15 .387 AT 448 406 1.104

-]
(e

.509 .5E5C .ob9 470 »7€5

17 AL 5568 o6 477 VA
18 L1638 LESO 198 B04 LO8Y
1y .140 510 +166 &S0 ,06C
20 2180 540 .209 o462 » 459
21 24l abo 260 FE8H 478
22 29b W17 042 «O2& 1.G60
5} » 40 2B . 390 221 1.778
g4 $ 366 129 W &EE e 10 S04
ar » 78 C W 406 0 ap
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Data Sheet for Plate 13

The Fersnnti ITffect at taree fregeuncies

3

S, f= 220 f= 860 £ = 1720
¢ - 1.C0¢C 1.000 1,000
1 1.CCE 1.08 1.122
2 1,012 1.121 1,375
S - L.0L2 1.897 4,310
4 LeURE L.645 . 2.3&C
5 L.054 2.1EQ L.24F
6 L.062 &bl .95E
7 1,050 2,1FC P JER
8 L.087 L.6082 1.850
9 1.112 1.826 1.3y
10 1,120 1.081 1,45
11 1.i81 073 1.06
2 1.l4z2 W95 K15
15 L.18Q o7 BL VRS
14 1.12 $74&C 72D
1F 1.123 139 LTE2
16 1,074 W48 .0l6
17 1.021 15O J1RE
16 LIYE 745 e 6357
19 $9 32 708 .£68
20U , 5856 635 ES2
2l .C35 601 Euv
22 788 « 542 +5CY
23 JT142 495 490
24 +695 vaxb2 450
25 685 A0S <406






Data for Plate 14

Ine Attentustion in I[ransuwission te with Iryeusncy for

Uni
the Line with snd without 65,700 ounwm skunt iesistors
B . L

- freguency T.U. T.U,
" witoout witn

100 T+90 9.0k
2ol 16.07 11.46
500 L11.22 12.724
4¢0 11,51 lo,.dc
500 1z .2¢ lo.BL
600 12.60 18,60

70 12.61 1374
80C 12,956 le,il
900 15,00 14,12
10CC 1S,1L 14.14

1160 15.c4 14,22
1200 10.350 14,50
1000 10.25 14.51

14$ 15,47 14,62
1500 10.54 14,60
1600 15,75 14 .7¢

1700 10.76 14 .52
1800 13.94 14 .96
1900 13.96 1B.CE
200¢C 14 .10 LB LY
2100 14,23 18,28
22¢C 14 J1F iR L.37
2200 14 .29 1F .47
240C - 14,38 15,64
2EC0 14, B1 1877
2600 14.62 | 15,506
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Jdata for Platss 15 & 16
~The Verzition of Open Circuit and short Citcuit Impedsncs
lesistance, Reactance, and Phsse Angle wita frgguency,

open circuit seort circuit
Z 2 L 2z ] L

o~
<.
o
I
€.
C
[o2)
ME S
-3
[ o2l o)
o
N
b
14
.
C
4

g e T
Ohun chuw -wmh Oz~ Olug -wn Ohuew  dezree cycls
$I3 L6 164 D87 .5 7L 262 900 24,1 oW
941 oo 146 731 6EC ok Ly 24.2 4.0
TEC 535 1ls T4L TLY 6L T4L aU.0 LU
€&7 twb 69 Eis Tia FS TEU 1ok 6L
Gy GFE ol 790 TEL ¢z 731 16,0 700
745 T 28 ovk GEL 4 TL7 4.1 600
782 7FE o2 641 cEo 285 TCo 12.F gl
(A% o7 38 698 CuB 11 €97 11.2 0 Locd
3529 616 1o 770 7T5C 17 6391 lo.l 11
658 6E6 7 (3% Y& 2o Lee 9.0 120l
TS ol o €Sl €619 1E ¢l c.a 1oll
"S5 Tl 16 €oa 65C ¢ ev7 o.l 140
Cad Lol 13 7CU 700 « CUZ 6.7 1Pl
15 614 S 726 719 FRCEN s Teg LEUu
669 € 6% 1 €Ll €rF2 12 6ot Cei 1TWR
719 (Y E 6Cy 6CE 6 2 N RSV
679 666 g €42 €4 1 &7 =86 A9l
tlo 6LC E TUE 7ol o G 4.6 ZilL
€26 ae 1 cEo 677 7 54 =0 2Le0
el cob ¢ 62¢ 4 3 2 C.Y 22U
Vs S - 3 2 Loz 2000
J

(&)

fa%

52
o Oy OO -
s O 0 - =2 O

¢ o :

U ods Ly 2 el L el ZhiL
£62 62 i A 5 > L5 Zeul
Enl £EC G FyE 4. Y vl B
£ 6zl £ G ok 6o G S G 4,0 LLUC
Evié £ 2 664 ECl 3  Cav =2k 29C

£ U Cod u Cilb clic & - Gal el
CEL SR 2 =y SN 2 &ld <.l CLel
£CU 553 = 6 Ca €02 v Cuw Cen UL
Fid SIRT o Col Lou Lo7 LT sl coul
EQO 530 v g mLT < Py ek wa G
£go £ZC L EFE mEE =7 ELE AN o ]
6Co €UE 2 Fel SO L Foo e wCLO
FEFR FRE et 60T ¢ QC L B77 2.8 c&O0
=7 L Yl C Foi Fow 2 Flce .ot ootu
LU 6] i REC FEC i &87F S.n eyl
VER F7e 2 Feo LS U Few - e ¢1e
FSE ESR 1 BeF Bel L Blwo L0 &dlul
Frre EEFR G 2 EEC z o R LW 4&C0



