Some Very Long Telephone Circuits of the
Bell System

By H. H. NANCE

ECENT papers' have discussed at length the use of toll cables

for the handling of certain long distance traffic. These cables,
which are being used in areas of dense traffic, have been made possible
by many developments in cable design, repeaters and loading coils.
Coincident with these developments have gone others which are
finding their application in the extensive establishmentof improved
open wire circuits for use over very long distances. The purpose of
the present paper is to discuss some of the considerations involved
in the overall design and maintenance of these very long open wire
circuits. These circuits are often referred to as ‘“backbone” circuits
and supply a network of trunk lines for the entire Bell System. The
most important of these routes are shown in Fig. 1.

The first transcontinental line was completed in the summer of
1914 and early in the following year three transcontinental telephone
circuits were placed in commercial service. These circuits were con-
structed of copper wire 165 mils in diameter loaded with 250 millihenry
coils at intervals of 7.88 miles and had telephone repeaters located
at points about 500 miles apart. The opening of these first circuits,
while marking a most important stage in the progress of long distance
telephony, has been followed by many developments which have
made possible increased overall transmission efficiency and improved
quality. A discussion of these developments is given in a paper on
“Telephone Transmission Over Long Distances,” by H. S. Osborne.?

Two outstanding characteristics of these new open wire circuits are
that they are non-loaded and that the repeaters are of an improved
type, the number being increased in consequence of the higher attenu-
ation. With these long non-loaded circuits increased speed of propa-
gation and smoother characteristics are obtained resulting in less echo
effect and better volume. Better attenuation-frequency character-
istics are obtained and the quality is further improved due to the
elimination, to a large extent, of transients. Changes in line attenua-

1 “ Philadelphia-Pittsburgh Section of New York-Chicago Cable,"” by J. J. Pilliod,
Bell System Technical Journal, Vol. 1, No. 1, July. 1922; Journal of A.I.E.E., August,
1922." “Telephone Transmission Over Long Cable Circuits,” by A. B. Clark,

Journal A.IE.E., January, 1923; Bell System Technical Journal, Vol. I, No. 1,
January, 1923.

2 For detail discussion see paper on * Telephone Transmission Over Long Dis-
tances,”” by H. S. Osborne, Journal A.I.E.E., Vol. XLII, No. 10, October, 1923,
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tion with weather conditions are also considerably reduced. Further-
more, the use of this type of circuit fits in with the application of
carrier current systems for which it is advantageous to use non-
loaded 165 mil circuits where these are available.?

With the improved repeaters and balancing networks it is possible
to obtain a higher degree of balance at the various repeater points.
The improved transmission characteristics of these repeaters also
contribute toward better quality. Both of these improvements are
important in view of the increased number of repeaters in the circuit.

The use of this improved type circuit has been extended during the
last few years to connect a large number of the important cities in
the United States. A few of the longer circuits are:

Approximate

Circuit Length of Circuit NP- of Through

trew Statute Miles Line Repeaters
Boston-Chicago........................ ... 1,180 4
Chicago-Denver. . ... ... ... ... ... ... 1,090 3
Chicago-Los Angeles. . ... ... ... ... ... ... 2,890 12
Chicago-San Francisco. . ................ ... 2,440 8
Dallas-St. Louis. . .. ...................... 670 2
Denver-San Francisco. . . .................. 1,350 4
Jacksonville-Havana. . .. .................. 640 3
New York-Chicago........................ 940 3
New York-Havana........................ | 1,710 8
New York-New Orleans.. .. ...... ... ... ... | 1,400 6
New York-St. Louis. .. ....... ... ... ... ... 1,020 5
Kansas City-Denver.. ... ......... ......... 750 2

One of the most recently established of these circuits is the Chicago-
Los Angeles circuit routed over the southern transcontinental line.
This and other through circuits on this line from Denver via El Paso
to Los Angeles were established last year in order to provide for the
growth in transcontinental trafhc and to make available a second
route as protection for the through service to the Pacific Coast. A
brief description of these circuits will be given as typical of the long
open wire circuits on this and other routes.

In the following, certain data based on actual experience with
circuits on the southern transcontinental route, and in certain in-
stances on circuits on the central transcontinental route are given.
These data, however, are in general representative of results ob-
tained on circuits of the same tyvpe throughout the Bell System.

From Denver west, a phantom group of four 165 mil wires pro-
vides for a Chicago-Los Angeles circuit, a Denver-El Paso circuit,

3 Refer to paper entitled " Practical Application of Carrier Telephone and Tele-
graph in the Bell System,” by Arthur F. Rose, Technical Journal, April, 1923.
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an El Paso-Los Angeles circuit and another circuit between Denver
and Los Angeles with stations at intermediate points along the line.
East of Denver facilities of the same type on an existing through
route via Kansas City to Chicago with four intermediate repeater
stations are used for the Chicago-Denver portion of the Chicago-Los
angeles circuit. The facilities and equipment arrangements permit
rapid changes at the various repeater stations so that the circuit lay-
out may easily be changed to take care of temporary rearrangements
necessitated by trouble and to set up different layouts for the evening
and night loads which at present are heavier than the day load.
Duplex telegraph equipment has been installed at various stations
along the new route from Denver to Los Angeles for operating four
direct current telegraph circuits derived by compositing the open
wire circuits. In addition, a 10-channel carrier current telegraph
system has been installed. Thus a total of 17 circuits, 3 telephone and
14 telegraph, operating on four wires are at present available over the
new route for the through service. This requires a considerable
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amount of equipment at each of the repeater stations as illustrated
by Fig. 2 which shows a simplified equipment layout at a typical
repeater station. In addition to this number of circuits, a carrier
current telephone system or an additional carrier current telegraph
system can be provided and operated over these same wires at such
time as traffic growth may warrant.

In view of the importance and number of services routed over the
through wires, careful consideration was given to construction fea-
tures. Copper line wire 165 mils in diameter affording high mechan-
ical strength as well as low transmission loss was provided. For a
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large part of the distance an existing pole line over this route was
used, but a new line was constructed in certain sections where the
existing line was carrying full capacity load or was otherwise not
suitable, and in other sections to avoid, as far as practicable, the use
of intermediate or toll entrance cable. In a number of cases an im-
portant consideration in rerouting was the avoidance of exposures to
electric light and power circuits. Considerable pole replacement
work also was done in some of the existing pole line sections to
strengthen the structure. The wires were transposed-in accordance
with a design® providing low crosstalk values at the freqiencies used
in carrier operation as well as within the voice range.

In determining the location of repeater stations for the telephone
circuits, direct current telegraph and carrier systems, it was neces-

4 *“Carrier Current Telephony and Telegraphy,” E. H. Colpitts and O. B. Black-
well, Jouwrnal A.1.E.E., Vol. XL, No. 5, May, 1921.
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sary to consider the economical limit of attenuation loss in each
repeater section, the degree of balance to be obtained between the
line impedances of the different sections and the corresponding bal-
ancing network impedances, and the proper transmission levels, as
well as the limited choice of points where it would be practicable
to maintain these stations from an economy and maintenance force
standpoint. Fig. 3 shows the layout of through circuits on the south-
ern transcontinental line and a transmission level diagram of the
Chicago-Los Angeles telephone circuit, indicating the location and
spacing of repeater points, attenuation losses in the different sections
and amplification of repeaters.

Impedance Characteristics. It has been practicable in the con-
struction of the new facilities to avoid long sections of intermediate
or entrance cable except at a few points and in general, very smooth
impedance characteristics of the different repeater sections have been
obtained. At the points where appreciable lengths of cable could
not well be avoided, a special type of loading® has been designed
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Fig. 4—Impedance Characteristic 216 Mile Repeater Section Non-Loaded 165 mil
Physical Circuit (Circuit Terminated to Appear as Infinite Line)

for the purpose of raising the impedance of the cable circuits to values
that match the impedance of the open wire at the carrier frequencies
as well as at voice frequencies. This loading also is of particular
benefit in reducing the attenuation loss at carrier frequencies which
in non-loaded cable may be comparatively high.

The impedance characteristic of a typical repeater section 216
miles long is shown by the heavy lines in Fig. 4. The circuit in this
case is terminated at the distant end by a network which makes it

5 Refer to paper on “Carrier Current Telephony and Telegraphy,” by Colpitts
and Blackwell, previously noted.
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appear as an infinitely long line. The slight irregularity indicated
by the humps in the impedance curve is due to a short section of
non-loaded entrance cable at the distant end. Fig. 5 shows the same
section of line terminated at the distant end by the impedance of the
repeater into which it normally works. The impedance character-
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Fig. 6—Passive Input Impedance Characteristic of Improved ‘22" Type Repeater

istic of the repeater is shown in Fig. 6. The dotted curves in Figs.
4 and 5 are the impedance components of the network used to balance
the line circuit. This network is of the precision type}® designed
for use in connection with long non-loaded open wire circuits which
employ repeaters amplifying a wide band of frequencies.

6 “Telephone Repeaters,” by B. Gherardi and F. B. Jewett, A.I.LE.E. Transactions,
Vol, XXXVIII, No. 11, November, 1919. See also ‘Impedance of Smooth Lines
and Design of Simulating Networks,” Ray S. Hoyt, Technical Journal, April, 1923,
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Transmission Characteristics of Line and Repeater. Fig. 7 shows
the attenuation frequency characteristic of a typical repeater section
expressed in 7U." The amplification frequency characteristic of
the telephone repeater shown in Fig. 8 is such as to compensate for
the inverse characteristic of the line circuit so that the over-all trans-
mission characteristic of the circuit will be uniform over the im-
portant frequencies of the speech range as illustrated by Fig. 9.

Signaling. On the shorter of these circuits employing only a few
repeaters, signaling current is relayed at each repeater point, new
energy being sent into the adjacent section of the line by the oper-
ation of relays associated with the repeater. 135-cycle current is
used for the signaling current sent over the line, this being the fre-
quency commonly used for signaling over composited circuits. On
longer circuits employing several repeaters, the time lag of the ring
can be decreased by a system employing a combination of amplified
and relayed ringing at alternate repeater stations. At points where
the ring is amplified, it is necessary to increase the repeater amplifi-
cation at 135 cycles in order that sufficient ringing energy may reach
the relaying repeater point to operate the ringing relays. This is
accomplished by making slight changes in the input circuit of the
repeater to increase its efficiency at the lower frequencies as illus-
trated by the dotted curve in Fig. 8. Best results are obtained by
relaying at alternate repeater points,

At each relayed ringing point a certain time interval is required
for the operation of the relays and for this reason the length of time
during which the ringing current is applied to the line may become
less and less for each succeeding repeater. If the ring, therefore,
is not of sufficient duration, it is likely that sufficient ringing energy
to operate the line signal will not be received at the distant terminal.
This has introduced some operating difficulties and made it neces-
sary to exert great care in the maintenance of the apparatus at the
intermediate as well as at the terminal stations involved and careful
overall checking and lining up of the circuit as a whole.

There has been developed a system employing signaling currents
of voice frequency which has largely overcome these difficulties.
The signaling current is amplified by the repeaters with approximately
the same efficiency as the voice currents so that relaying is unneces-
sary. Particular attention has been given in the design of the system
to preventing false operation of the signals from voice or extraneous
currents.

7 See article in this issue ‘' The Transmission Unit and Telephone Transmission
Reference System,” by W. H. Martin.
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Fig. 7—Transmission-Frequency Characteristic 216 Mile Repeater Section of Non-
Loaded 165 mil Physical Circuit
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At the present time this system of voice frequency signaling is
employed for regular use on the Chicago-Los Angeles circuit and a
few others. The system employing 135-cycle current alternately
relayed and amplified at repeater points also is installed on these
circuits and probably will be retained for emergency use and to permit
temporary changes in circuit layout.

Maintenance. The continuity of the many important services
routed over the facilities used in making up these long circuits is
dependent upon continuous and efficient maintenance methods and
performance. Coordination of the work of the different offices is
most essential in order to obtain best results, especially on the longer
direct circuits and on those built up by the connecting together of
several circuits, as there are a large number of variable factors. To
assist in obtaining best results, accurate records of the circuit make-up
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from end to end, including a complete description of the types of
equipment and transmission data are prepared and furnished to the
terminal and repeater stations. These are made on cards of con-
venient size, as illustrated by Fig. 10, which is one of the five cards
for the Chicago-Los Angeles circuit. To insure proper functioning
of the circuit and satisfactory overall transmission and signaling one
of the terminal offices of each circuit is designated as the controlling
office for that circuit and is responsible for the direction and super-
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vision of tests and adjustments required on the circuit as a whole.
In addition to the duties in connection with the maintenance of the
circuit as a whole each office along the circuit is responsible, of course,
for the proper physical maintenance of the plant in its territory.

High grade maintenance is necessary to reduce to a minimum,
service interruptions, noise and crosstalk and fluctuations in circuit
characteristics and equivalents. An important part of this work
consists of frequent periodic inspections, measurements 8 of insulation
resistance, loop resistance, resistance balance, transmission, noise and
crosstalk and equipment parts which are subject to variation.

In order to make many of the measurements and tests it is neces-
sary to remove the circuit from service. This would result in con-
siderable lost circuit time if each of the stations made such measure-
ments and tests independently. In order to minimize this lost circuit
time, therefore, it has been found desirable in the case of long tele-
phone circuits of this type to institute what is known as ‘‘co-ordinated
testing’’ procedure. Under this procedure a definite time is set aside
for the periodic tests and all repeater stations and both terminal
stations co-ordinate their work under the direction of the controlling
office. The success of this system is dependent upon each station
doing its part of the work correctly and within a specified time al-
lowed for each test. The method of conducting the tests is illustrated
in the following description.

1. Roll Call—The tester at the controlling office first calls the roll,
starting with the first station and proceeding through to the
distant terminal, each station replying by name and giving the
temperature and weather conditions.

2. Repeater Amplification and Vacuum Tube Tests—The tester at
each station measures the amplification in both directions given
by the telephone repeater at that point and checks the condi-
tion of the vacuum tubes.

3. Balance Tests—At each repeater station the degree of balance
between the line circuit and the balancing network circuit is
checked in both directions. Since it is necessary that each
section of the circuit be terminated at the opposite end from
the station making the balance tests, alternate repeater stations
terminate the circuits and the other stations proceed with their
balance measurements. The procedure is then reversed.

8 For description of these tests and their application see article in this issue ‘' Elec-

trical Tests and Their Applications in the Maintenance of Telephone Transmission,"
by W. H. Harden.
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4. Transmisson Equivalent—When the balance tests have been
completed, a measurement of the overall transmission loss is
made between the terminal stations.

5. Talking Tesi—In order that the quality and volume of trans-
mission from a service standpoint may be determined, a talking
test is made over the entire circuit using standard subscriber
sets at each end.

6. Signaling—As a final check, ringing tests are made over the
circuit in both directions to insure that satisfactory signaling
is being obtained.

This testing routine has been perfected to such an extent that the
circuit need not be kept out of service for more than about 15 minutes
even in the case of the longest circuits. Results of measurements
over the period of a year on the Chicago-San Francisco circuit are
shown in Fig. 11. The overall transmission measurements, which
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Fig. 11—Monthly Ranges in Temperature and Repeater Gain on the Chicago-San
Francisco Circuit

are shown as variations from normal, were made at the conclusion of
semi-weekly tests and after any necessary adjustment in repeater
amplification had been made to compensate for changes in attenua-
tion loss. The other curves show the average temperature along
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the line at the time of tests and the average total repeater amplifi-
cation from which can be noted the amount of amplification required
to offset the variation in transmission equivalent due to seasonal
temperature changes.

Conclusion—As mentioned earlier in this paper the data and results
given in the foregoing, although applying particularly to circuits
on the southern and central transcontinental routes, are also repre-
sentative of the conditions on other long circuits of the same type.
The establishment of these high quality circuits, which are also
available for the application of carrier systems and which in certain
cases have been so equipped, constitutes another important step
in bringing together all sections of the country by telephone.



