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1,01 This section presents information on 
transmission characteristics of non­

loaded pairs in toll entrance and toll cables 
with copper wires of 16 and 19-gauge (AWG) of 
nominal capacitance of ,062 mf per mile over a 
frequency range up to 150 kc, The data are 
based on measurements on full size quadded 
cables but for engineering purposes can, in 
general, be applied to small size cables, The 
attached tables and graphs show typical values 
of attenuation, phase shift, characteristic 
impedance and primary constants for these 
gauges, Some information is also included on 
10 and 13-gauge quadded cable, 16 and 19-gauge 
paired cable, 16-gauge spira·l-four. disc-insu­
lated .025 mf/mile cable, and 10-gauge .055 
mf/mile paired cable. In some cases, informa­
tion is given for frequencies above 150 kc. 
The values given herein are representative 
values only and considerable variation may be 
expected from cable to cable and even between 
parrs within a single cable. 

1,02 In addition tp covering a much wider 
frequency range than formerly, data 

given herein include the effects of tempera­
ture on the cable characteristics, The values 
given on the attached tables and curves are 
believed to be the best available information 
at this time, 

1.03 This section deals largely with the 
application of carrier frequencies to 

toll and toll entrance cables, but the funda­
mental transmission theory which applies to 
toll and toll entrance cables at these fre­
quer,cies can also be applied to other wire 
transmission systems, For this reason the 
first part of this section will present some 
of the basic theory and fundamental formulas 
~pplying to transmission lines in general. 
Whether the transmission is at voice frequen­
cies or at frequencies in the television range 
the wires will still act as guides to the e­
lectrical energy, although the distribution of 
currents across the sections of the wires 
changes a great deal as the frequency is in­
creased, 
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1.04 The basic transmission theory assumes 
that the line is what is called a smooth 

line, which means that every part of th~ line 
is just like every other part of the line. 
Thus, if the line were cut u~ into one-foot 
lengths the resistance, etc., would be the 
same for all of these one-foot lengths. Be­
sides the series resistance of the wires of a 
pair there will be a certain small amount of 
leakage from one wire to the other. This is 
known as leakage conductance. It is easy to 
see that two wires placed so close together as 
wires are in a cable will act somewhat like 
the two plates of a condenser and will there­
fore have a certain electrical capacitance. 
Finally, since the currents usually carried by 
these wires are alternating, there will be a 
certain amount of magnetic flux surrounding 
each wire and this flux will change as fast as 
the currents themselves alternate. This 
change in the flux between the two wires, or 
the variation in the amount of flux linking 
the wires of a pair, will produce an electro­
motive force tending to oppose the current 
which produces the flux in the first place. 
The anount of this back emf is determined by 
the inductance of the pair of wires. These 
four quantities•, series resistance R, series 
inductance L, shunt conductance G, and shunt 
capacitance C determine the b~havior of the 
line as a transmission line. 

1.05 It is well known that the series resist-
ance of a line carrying alternating 

current is not the same as the direct current 
resistance. An important factor in producing 
this change in resistance with frequency is 
the phenomenon known as skin effect. A second 
factor is known as proximity effect, which, as 
its name indicates, is a change in current 
caused by the presence in its neighborhood of 
the other conductor or conductors and the 
sheath. 

1.06 It was mentioned above in connection 
with the series inductance of the line 

that the variation in current produces a back 
emf. If the current in a wire is of very low 
frequency or direct current, the current is 
distributed uniformly across the section of 
the wire, but if the frequency be increased 
the current flowing in the central portion of 
the wire will produce a counter emf to the 
voltages in portions of the wire surrounding 
it. In order to balance this counter emf, 
more current flows in the outer portion of the 
wire, resulting in a concentration of current 
in the outer layers of wires at high frequen­
cies. This current concentration near the 
surface of conductors at high frequencies is 
called skin effect. 

1.07 In a similar way the flux linkages from 
one wire of a pair to the other wire of 

* Although R, L, G and C are called constants, 
they vary a great deal from cable to cable and 
from pair to pair, as will be shown later. 
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a pair produce counter emf's so that ther3 i4 
a tendency for larger currents to flow in the 
adjacent portions of the two wires. This pro­
duces an unsymmetrical distribution of the 
currents in the separate conductors and since 
it is caused by their nearness to each other, 
it is known as the proximity effect. 

1.08 Temperature effects are much more pro-
nounced at carrier frequencies than at 

voice frequencies and the daily and annual 
variations are larger in aerial cables than in 
underground cables. It is well known that the 
resistance of a copper conductor changes rap­
idly with temperature and this resistance 
change has a large effect on the attenuation. 
The temperature coefficient for a-c resistance 
is not the same as for d-e because of skin and 
proximity effects. The other constants of the 
pair are also affected by temperature and con­
tribute additional small amounts to the chango 
in attenuation with temperature. 

1.09 Manufacturing processes can be subjected 
to a certain amount of control but there 

remain small variations in the finished prod­
uct. These manufacturing variations can be 
corrected for in part by proper splicing of 
the cutting lengths so far as the overall cir­
cuit is concerned but there will, in general, 
still remain a certain amount of irregularity 
in the circuit as installed. 

1.10 In a given reel length of cable there 
will be obvious differences in length of 

the inside and the outside pairs. In addition 
there are differences in capacitance, and 
other primary constants caused by the differ­
ent surroundings of given pairs. For example, 
a pair in the layer next 'bJ the sheath will have 
its constants affected by the presence of the 
lead sheath on one side and the copper-paper 
combination on the other side of the pair but 
a pair in the center of a cable is surrounded 
by a symmetrical mixture of copper and paper 
as well as by the lead sheath. These differ­
ences will also show up as irregularities 
since the constants may vary from reel to reel 
along the installed cable. 

l.ll Another cause of differences betw~en 
constants of cables is the presence of 

copper sheath or shields. These shields may 
be either static shields surrounding all the 
pairs in the cable or they may be layer 
shields put in for the purpose of separating 
inner and outer groups of pairs. Such shields 
have the largest effect on pairs in the adja­
cent layers, but these effects are also largely 
averaged out by the splicing arrangements. 
The presence of coaxial pairs in the same 
cable with 19-gauge paper-insulated pairs also 
introduces small changes in the characteris­
tics of the paper-insulated pairs. 

1.12 The statio shields and layer shields 
mentioned above are put in to reduce 

noise or crosstalk. The problems of noise and 



crosstalk are treated in other sections and 
are not considered here. 

2. FORM!JLA.S * 
(A) Exact Formulas 

2.01 The fUndamental line formulas will be 
given first in general form. Following 

the general formulas will be given the formu­
las which may be used for special cases, such 
as for very high frequencies, etc. 

2.02 The most important quantities in the 
application of transmission theory to 

the engineering of a telephone system are the 
attenuation, phase change and characteristic 
impedance of the line. These in turn are ex­
pressed in terms of the distributed constants 
of the line per unit length, namely, the re­
sistance R in ohms, the inductance Lin henrys, 
the conductance G in mhos, and the capacitance 
C in farads. The usual unit of length is the 
mile, and the designation smooth or distribu­
ted constants means that all parts of the line 
are exactly alike and that the values are 
those which would be obtained by measurements 
and computations based on an infinitely long 
line, or, what amounts to the s arne thing, on 
a line terminated in its characteristic 
impedance. 

2.03 Although these quantities are all spoken 
of as constants, as noted above they are 

not actually constant but vary with the fre­
quency and with the temperature of a given line. 

Propagation Constant 

2.04 The propagation constant at any frequency, 
f, for a unit length of line having 

the uniformly distributed primary constants, 
R, L, G and C per unit length is given by the 
formula 

P = a+jP = J (R+jwt)(G+jwc) (1) 

In this formula the real part ~ gives the at­
tenuation constant in nepers, and the imagi­
na:r part P gives the phase constant in radi­
ans. The e.quation may be solved for Cl and~ _ 
~iving 

* See Part 9, References, Particu-larly Chapter 
XII of Reference No. 1, Chapter XX of Refer­
ence No. 2, Page 272 of Reference No. 4 and 
Page 244 of Reference No. 10. 
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Attenuation Constant 

2.05 The attenuation constant as given b7 
Equation (2) in nepers may be trans­

formed into decibels by multiplying the value 
obtained from Equation (2) by B.o86. The der­
ivation of this relation is covered in a sec­
tion of the Educational Training Material 
series. If R, L, G and C are given on a per 
mile basis the attenuation computed from Equa­
tion (2) will also be on a per mile basis. 

Phase Constant or Wavelength Constant 

2.o6 The imaginary component ~ in Equation 
(1) is called the phase constant si~ce 

it indicates the change in phase of voltage or 
current in circular radians per unit length of 
line. Thus, if R, L, G and C are given on a 
per mile basis, computations of the phase con­
stant from Equation (1) or (3) will give ~ in 
radians per mile. 

2.07 Since by definition ~ represents the 
phase change in one mile and the fre­

quency f designates the number of complete 
waves or cycles per second so that the angle 
of rotation is ~f radians per second, the 
number of miles traversed per second, that is, 
the velocity of propagation is therefore 

2lff .w . V • ,- = ~ m1les per second (4) 

Moreover, the distance traversed in a second 
is also equal, to the frequency times the wave­
length so that the velocity of propagation is 
also given by the equation 

(5) 

where ~c the wavelength in miles if Vis the 
velocity in miles per second for 
the frequency f cycles per second. 

Comparison of Equations (4) and (5) shows that 
the wavelength is given by the equation 

(6) 

Characteristic Impedance 

2.08 The characteristic impedance of the 
smooth line referred to above is 

(7) 

Thi.s expression represents the impedance of an 
infinitely long circuit or of a circuit ter­
minated by the characteristic impedance itself. 
It is independent of the length of the circuit 
since if a piece be cut off from an infinite 
line, there will still remain an infinite line. 
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(B) Approxinate Formulas 

2.09 A very useful approximate form of Equa­
tion (2) for attenuation is 

• R _ fC G . /L . R GZo 
<1:: ~ vt + ~ v=e ':' ~ + 2" (8) 

In deriving this formula• it is assumed that 
w2L2 is large as compared with R2 , and that 

UJ2c2 is large as compared with G2 • These con­
ditions are closely enough realized in non­
loaded cable circuits at carrier frequencies 
so that the error in using Formula (8) instead 
of the accurate Formula (2) is about 3 per 
cent for 19-gauge cable pairs at 30 kc, about 
1-1/2 per cent at 50 kc and about 1/2 per cent 
at 100 kc. The value of <1 as in' Equation (2), 
is given in nepers by Equation (8), and the 
values computed therefrom must be multiplied 
by 8~686 to change to db, 

2,10 With the same assumptions regarding wL 
and we, the phase constant given by 

Equation (3) reduces to 

(9) 

radian:;, 

2.11 The velocity of propagation from Equa­
tion (4) is then approximately 

• 1 v = 
.fLC 

(10) 

2.12 The characteristic impedance for lines 
such that w2L2 and w2c2 are large as com-

pared with R2 and G2 , respectively, reduces to 

Z0 ~~ (11) 

2.13 These approximate formulas are conve­
nient for rough calculations but~ 

must be exercised to see that the assumptions 
made apply to the particular case at hand, 

(C) Formulas for Primary Constants 

2.14 The formulas given above assume that the 
primary constants are known for a smooth 

line. In What follows these constants for a 
smooth line will be called true constants. 

2.15 If the attenuation, phase and charac­
teristic impedance of the line are known, 

the true constants can be determined from 

• Reference No. 1, Page 147. 
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Equations (1) and (7) giving the 
formulas from which R, L, G and C 
tained directly. 

R + jwL 

G + j!OC 

following 
may be ob-

(12) 

(13) 

2.16 Although the Formulas ( 12) and ( 13) give 
th~ primary constants directly in a very 

simple way, it is generally impractieable to 
make all of the required measurements on a 
cable as actually installed and moreover there 
is ordinarily very little reason for determin­
ing the primary constants in the field, 

2.17 The formulas which have been given in 
various places•• for skin effect and 

proximity effect assume that the wires involved 
are widely separated from other wires and 
are surrounded by air, Such condi~ions are 
not fulfilled in a cable where the pairs are 
surrounded by paper, air, copper and lead, and 
any attempt·to formulate their effects gives 
at nost an approximate formula. An idea of 
the magnitudes of these other effects may b~ 
obtained from the curves which are attached. 

3· PRIMARY CONSTANTS 

(A) Resis-cance 

3.01 Typical values of the resistance per 
mile of Nos. 10, 13, 16 and 19 AWG 

(American Wire Gauge) copper cable pairs are 
shown on Table 1, Page 101, and by the curves 
on Pages 115, 119 and 120. These tables and 
curves extend to frequencies of 150 kilocycles 
and apply to pairs of nominal capac:i:tance of 
.062 mf 2er mile, 

3.02 The a-c resistance of pairs of wires in 
cables is increased by the skin effect, 

but there is an additional large increase be­
cause of the proximity effect. This proximity 
effect is another name for the effects cause~ 
by the presence of the other wires in the 
c~ble and the lead sheath. The curves on Page 
116 show the computed values of a-c resistance 
for 16 and 19-gauge pairs based on the formu­
las for skin effect•• and typical measured 
values of resistance for 16 and 19-gauge pairs. 
The formulas for skin effect apply to a wire 
surrounded by air and at a great distance from 
other conductors, The difference between the 
two curves shows the amount added because the 
wires in a cable are surrounded by paper, cop­
per of the other pairs and the lead sheath. 
The increase for 19-gauge pairs at 60 kilo­
cycles is about 15 ohms per mile and at 100 
kilocycles is about 22.5 ohms per mile. 

3.03 'l'he changes in a-c resistance with tem­
perature are more pronounced than the 

changes in d-e resistance with temperature. 

** See References 9, 13 and 14. 
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Table l, Page 101, shows typical values of the 
resistance of No. 16 and No. 19 AWG cable 
pairs over the temperature range from 0° to 
110° F for various frequencies up to 150 kc. 
Curves of resistance vs temperature are shown 
on Pages 117 and 118 for 16 and 19-gauge pairs 
for temperature 0° to ll0°F. The variation of 
resistance of 16-gauge pairs with frequenc~ is 
shown for temperatures of 0°, 55° and 110 on 
Page 119 and for 19-gauga pairs on Page 120. 
Up to 50 kc the changes in resistance of 13-
gauge pairs with temperature are about one­
half as great as the changes in resistance of 
16-gauge pairs. The changes in resistance of 
10-gauge pairs with temperature are about 1/4 
those of 16-gauge pairs to 50 kc. 

3.04 Typical values of the coefficient of 
resistance increase with temperature, 

llR · hm hm d F 1r ~n o s per o per egree are 
shown on Page 121 for 19-gauge pairs. These 
may be converted to percentage changes by mul­
tiplying by 100. For example, the change in 
d-e resistance of 19-gauge pairs at 65° is 
0.22 per cent of its resistance at 65°~ that 
is, if ~he temperature increases to b6° the 
d-e resistance inc~eases by .22 per cent; if 
the temperature decreases to 64° the d-e re­
sistance decreases by 0.22 per cent. At the 
same time the a-c resistance at 150 kc in­
creases or decreases by only 0.10 per cent. 

3.05 The temperature of cables buried in 
ducts ranges from about 35° to 75°F dur­

ing the year with an annual average of about 
55oF. Cables buried only a foot or so under 
ground have a considerably larger annual tem­
perature variation than cables buried in the 
deeper ducts, but the actual depths of buried 
cable range from about l foot to 3 feet. 
Aerial cables are at about the same tempera­
ture as the surrounding air in cloudy and cold 
weather. On very hot, sunshiny days with no 
wind, the temperature of the wires insiC.e the 
cable sheath may range as much as 20 to 25 de­
grees higher than the temperature of the air 
surrounding the sheath. This large difference 
must be allowed for in the computations of 
aerial cable constants at high temperatures. 

(B) Inductance 

3.06 Typical values of the inductance per 
mile of Nos. 10, 13, 16 and 19 AWG cable 

pairs are shown on Table 2, Page 102. The 
curves on Page 122 show 55° data vs frequency 
for 10 and 13-gauge pairs. The curves on 
Pages 123 and 124 show the inductance vs tem­
perature of 16-gauge and 19-gauge pairs in 
millihenrys per mile over the temperature 
range from oo to llOOF at various frequencies 
to 150 kc. Pages 125 and 126 show the induc­
tance of 16-gauge and 19-gauge gairs vs fre­
quenqy for temperatures of 0°, 55 and ll0°F. 

ISS 1, SECTION 304-120-1 00 

(C) Capacitance 

3.07 Typical values of the capacitanceofNos. 
10, 13, 16 and 19 AWG cable pairs ofnom­

inal .062 mf/mile cable are shown for frequen­
cies up to 150 kc on Table 3, Page 103. Page 
127 shows the capacitance in microfarads per 
mile vs frequency for Nos. 10 and 13 AWG pairs 
at 55°F. Page 128 shows capacitance vs temper­
ature for 19-gauge pairs at frequencies from 
one to 150 kilocycles. The curves on Pages 129 
and 130 show typical values of the capacitance 
per mile vs frequency for 16 and 19 AWG pairs 
at 0°, 55° and ll0°F. 

(D) Leakage Conductance 

3.08 Typical values of the leakage conduc-
tance of Nos. 10, 13, 16 and 19 AWG 

cable pairs are shown on Table 4. Page 104. 
Pages 131 and 132 show conductance per mile 
vs frequency for 16-gauge and 19-Gauge 
pairs at 0°, 55° and ll0°F. The conductance 
vs temperature is plotted on Pages 133 and 
134 for 16-gauge and 19-gauge pairs at fre­
quencies up to 150 kilocycles. The same data 
plotted vs frequency·on log-log paper, that 
is, paper having both scales logarithmic, Page 
135, give points very close to straight lines 
over a large frequency and temperature range. 
This indicates that the conduct~ce is related 
to frequency by a formula of the Type G = Afk, 
where A and k are constants. No complete data 
for 10-gauge pairs are available and tho 
values given in the table are estimated val'..leS 
only. 

3·09 The value of leakage conductance depends 
a great deal upon the type of drying 

process used in the manu~acture of the cable. 
The usual measure of the effectiveness of the 

drying is the quantity * the leakage con­

ductance divided by twice the capacitance. The 
G 

average value of ~ for 1000 cycles a~ the 

usual factory room temperature, 70oF, is about 
8.3 for cable of nominal .062 mf/mile capaci-

G 
tance. The value of~ increases with fre-
quency and at the same time decreases with 
temperature in very nearly the same way G 
changes since the changes in capacitance C 
with temperature are relatively small. 

3.10 There are many factors which may cause 
variations in the value of leakage con­

ductance obtained for any particular piece of 
cable manufactured. Among these factors are 
the dielectric constant of the paper, gauge of 
the wire and the pressure used in the manufac­
turing process. The dielectric constant of 
the paper, in turn, depends upon a number of 
factors such as the amount of air contained in 
the paper or, in other words, the porosity of 
the paper and the amount of impurities con­
tained in the paper. These affect the leakage 
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conductance and the capacitance in a compli­
cated way. About 40 per cent of the space 
around the wires inside the sheath is filled 
with pa~er and the remaining 60 per cent with 
air. Any moisture remaining in the cable in 
spite of the drying process also exercises an 
important effect upon the conductance and ca­
pacitance. The dielectric constant of cables 
averages about 1.7 to 1.9. 

(E) Layer to Layer Variations of the Primary 
Constants 

3.11 Because of the differences in length, 
pressure and surroundings of the pairs, 

the primary constants are not the same in all 
layers of a large cable. Typical values of 
the average percentage amount of variation 
from layer to layer are shown on Page 136 for 
a number of layers in a full size toll cable 
for frequencies fro~ 10 to 60 kilocycles. 

Pairs in 
D1sc-Insu!ated Cable 

3.12 Typical values of the primary constants 
of No. 16 AWG pairs in spiral-four disc­

insulated (Type J) cable at 55°F are shown on 
Table 5, Pase 105 for frequencies up to 150 
kilocycles pe~ 100 feet of sheath length. 
Such cables are usually short (toll entrance) 
and the 100-foot values are more convenient to 
use than values on a per mile basis, Changes 
of these primary constants with temperature 
are slight except for the resistance. The d-e 
resistance has the usual temperature coef­
ficient of -0022lohm per ohm per degree F, at 
55°F. At 150 kilocycles the percentage 
change in·resistance is about half as much as 
the d-e change. Capacitance and inductance 
change about 1/2 per cent for a 50°F teJ~.pere.­
ture change. 

+• ATTENUATION AND PHASE CHANGE 

(A) Typical Values 

4.01 Table 6, Page lo6, shows typical values 
of at.tenuation in db per mile for ~os. 

10, 13, 16 and 19 AWG cable pairs at frequen­
cies to 150 kilocycles. Curves on Pages 137 
and 138 show the attenuation vs frequency 
of 16-gauge and 19-gauge pairs at 0°, 55° and 
ll0°F. 

4.02 Table 7, Page 107, shows typical values 
of phase change ~ for Nos. 10, 13, 16 

and 19 AWG cable pairs for frequencies to 150 
kilocycles. Page 139 shows the phase ch~e 
in radians per mile vs frequency at 0°, 55 1 

and ll0°F for No. 16 AWG cable pairs. 

(B) Attenuation Changes with Temperature 

4.03 The large changes in cable constants 
with temperature produce correspondingly 

large changes in attenuation as shown by Table 
7, Page 107. The attenuation of 19-gauge 
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pairs vs temperature is plotted at fre­
quencies ranging from one to 150 kilocycles on 
Page 140. 

4.04 The changes in attenuation with temper-
ature are not the same at all frequen­

cies. This is shown by the curves on Page l4l 
showing the change in db per degree F per mile 
plotted vs frequency for Nos. 16 and 19 AWG 
pairs. This difference between the values 
of the temperature coefficient at different 
frequencies is called twist. Typical values· 
of twist referred to 2~ocycle values for 
19-gauge pairs are shown on Page 142. The 
change in attenuation with temperature for 13-
gauge pairs is about 1/2 the change-shown on 
Page 141 for 16-gauge pairs. The change for 
10-gauge pairs is about 1/4 the change for 
16-gauge pairs. 

4.05 The large contribution of the resistance 
component to the variation of attenua­

tion with temperature is shown for No, 19 AWG 
pairs by the curves on Page 143. The curves 
also show the components of the attenuation­
temperature coefficient due to the capacitance 
C, inductance- L, and leakage conductance G. 
It will be seen that for frequencies above 
about 21 Kilocycles the component added by 
capacitance changes is more than neutralized 
by the conductance and inductance changes 
which are negative, so that the total is less 
than the R component alone, 

(c) Disc-Insulated Cable 

4.o6 Typical values of attenuation and pha~e 
change at 55°F of 16-gauge pairs ~ 

Type J disc-insulated cable are shown on Table 
8, Page 108, for frequencies up to 150 kilo 
cycles. Temperature changes are slightly 
smaller than for quadded 16-gauge pairs. 

(D) Low Capacity 10-Gauge Paired Cable 

4.07 Insertion losses in decib.els per mile 
determined from measurements at about 

60° temperature on a 5.14-mile length of 10-
gauge paper--insulated .055 mf/mile pair cable 
at Charlotte, N.C., are shown on Table 13. 
Page 113, The inner and outer groups differed 
from their average by as much as 3 per cent 
b_elow 50 kc but were substantially identical 
at higher frequencies, 

(E) Building-Out Cable 

4.08 Building-out cable is designed to have 
the standard capacitance of ,062 micro­

farads per mile. The other constants of 19-
gauge pairs in building-out cable are close to 
the values given for 19-gauge pairs in toll 
cable. 

4.09 The resistance of 22-gauge pairs in 
building-out cable is about twice the 

resist~ce of the 19-gauge pairs at voice fre­
quencies. The other primary constantG are 
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designea to be closely equal to the 19~gauge 
va)ues. Attenuation and characteristic im­
pedance are somewhat higher than for 19-gauge 
pairs, Data (1000 ft. basis) given in Table 
14, Page 114, for 22-gauge emergency cable may 
also be used for 22-gauge building-out cable. 

(F) Emergency Cable 

4.10 Cable is sometimes used for emergency 
construction on open-wire lines. The 

characteristics of 22-gauge emergency cable 
and 19-gauge "CL" emergency cable are given on 
Table 14, Page 114. The "CL" emergency cable 
is rubber-insulated and is made up of 7 or 19 
quads of 19-gauge conductors. 

5· CHARACTERISTIC IMPEDANCE 

5.01 Typical values of the characteristic im-
pedance are shown on Table 9, Page 109, 

for Nos. 10, 13, 16 and 19 AWG pairs for fre­
quencies to 150 kc. The curves of Pages 144 
and 145 show the resistance and reactance 
components vs frequency for Nos, 16 and 19 
AWG pairs at 55°F. 

5.02 The magnitudes of changes in the compo-
nents of characteristic impedance with 

temperature are not very large in the carrier 
frequency range. This is shown by the data on 
Table 9, Page 109, which 6ives typical values 
of 16-6auge and 19-gauge characteristic im­
pe~ance at temperatures of 0°, 55° and 11~°F 
for frequencies to 150 kilocycles. It will be 
seen that both components increase with tem­
~eratute at low freauencies but at high fre­
quencies the resistance component decreases 
with temperature while the magnitude of the 
reactance component increases with temperature. 

5.03 Typical values of the characteristic 
impedance of 16-gauge pairs in spiral­

four Type J disc-insulated cable at 55°F are 
shown on Table 10, Page 110, for fr€quencies 
up to 150 kilocycles. Temperature changes are 
slightly smaller than for quadded 16-gauge 
pairs. 

5.GL. Characteristic impedances measured on 
the 5.14-mile length of .055 mf/mile 10-

gauge paper-insulated p~ir cable at Charlotte, 
N.C., are given on Table 13, Page 113. The 
presence of the shield around the inner group 
reduces its impedance by about 13.5 per cent 
at 150 kc. 

6, PHASE DELAY AND VELOCITY OF PROPAGATION 

6.01 The transmission time of an unmodulated 
single frequency wave is given by the 

ratio ~ which is called the phase delay l The 
phase delay of a modulated wave is also w but 

the transmission time is approximately given 

by ~. called the envelope delay. Table 11, 

Page 111, shows typical values of phase delay 
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in microseconds per mile for Nos. 10, 13, 16 
and 19 AWG pairs for frequencies to 150 kilo­
cycles. Since the phase characteristic vs 
frequency at carrier frequencies is substan­
tially linear, the slope of the phase charac­
teristic, that is, the envelope delay, is 
very nearly a constant. 

6.02 Representative values of the velocity of 
propagation (or the ratio wj~) for 1:os. 

10, 13, 16 and 19 AWG cable pairs at ,55°F are 
shown on Table 12, Page 112, at frequencies to 
150 kilocycles, 

7. DATA OBTAINED BY DIRECT MEASURE!:ENT 

7.01 Data presented in the previous partr, 
largely were obtained by computation' 

based on open-circuit and short-circuit i:n­
pedance measurements made on reel lengths of 
standard toll cable placed in d roo~ whose 
temperature could be controlled as desired. 
Measurements of this kind are generally not 
practicable for actually installed cable. In 
the first place, the temperature cannot be 
controlled and in the second place, for cables 
several miles or more in length there is very 
little difference between open and short-cir­
cuit impedance. It is possible, however, to 
obtain measurements of attenuation and charac­
teristic impedance, while determining the 
average temperatures by means of d-e resist­
ance measurements with reasonable accuracy. 

7.02 Curves on Page 146 show the insertion 
loss between 125-ohm resistances mea­

sured on a section of toll entrance cable at 
Denver, Colorado. These curves show data for 
Nos. 13, 16 and 19-gauge pairs at frequencies 
up to 200 kilocycles. The different curves 
for each gauge represent data for different 
pairs in the cable. Curves on Page 147 show 
the average results of attenuation measure­
ments made on 19-eauge pairs in a section of 
the !'Iorristown-Easton A cable at freauer:cies 
from 8 to 60 kilocycles. These curves show a 
small difference between the average attenua­
tions of the inner and outer groups for this 
particular cable, This difference reflects 
the difference in length of the pairs and the 
effect of the sheath on the resistance and in-· 
ductance of the outer group as well as differ­
ences in capacitance and conductance of the 
two groups. Similar attenuation measureJ,:ents 
were made on 10-mile sections of two cables 
near LaGrange, Indiana, with results as shovm 
on Page 148. These measurenents covered a 
long enoug:r, time to get both winter anC:. summer 
values and temperature correlations were ob­
tained by means of d-e resistance measure.r.;ents • 
It will be observed that the two cables dif­
fered by as much as 0.1 db per mile at higher 
temperatures and frequencies, Cable A which 
has the larger attenuation is full size (112 
quads), Cable B is oversize (212 quads). The 
attenuation variation with temperature conputed 
from these data is shown on Pa~e 149 for 
three of the four cables measured, The curves 

Page 7 
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for Cables A and B differ somewhat but are 
close to the 19-gauge curve shown on Page 141 
based on the laboratory measurements. 

7.03 Impedance measurements on certain pairs 
in the toll entran0e cable (Nos. 13, 16 

and 19-gauge) at Denver, Colorado, gave the 
results shown on Page 150. The irregularities 
in these curves are caused by reflections, 
both within reel lengths and at splices in 
the cable. There are large variations in the 
values measured on different pairs of the same 
gause in these cables. This is generally true 
of results of measurements on pairs of cable 
as actually installed as a consequence of the 
addition of effects caused by many small ir­
regularities, 

7.04 Page 151 shows average results of impe­
dance measurements made on ten pairs in 

one of the cabl€s at LaGrange, Indiana. 

8, EXTEJ';SIOI~ TO VERY EIGH FREQUENCIES 

8.01 Some of the laboratory measurements were 
extended to frequencies as high as 3000 

kilocycles representin& a full wavelength for 
the particular reel be:..ng measured. The curves 
on Page 152 give the attenuation of 16-
gauge pairs at frequencies to 2000 kilocycles 
as obtained from laboratory measurements and 
frorr. me::.sure,-.ents on 3.6 miles of aerial cable 
at Ti~onderoga, New York. Similar 19-gauge 
data are shovm on Page 153 for frequencies up 
to 700 kilocycles, The change in attenuation 
per degree F for the 16-gauge pairs measured 
at 1iconderoga is shown on Page 154 for fre­
quencies up to 1100 kilocycles. At the high 
frequencies the variation per degree depends 
upon the temperature of the cable, the varia­
tion decreasing rapidly as the temperature is 
increased, Corresponding data on the change 
of attenuation per degree F for 19-gauge pairs 
at frequencies up to 700 kilocycles are shown 
on Page 155. The rate of change is much 
larger than for 16-gauge but decreases with 
t~mperature in about the same way at high fre­
quencies. 

9· INSERTION LOSSES DUE TO CABLE OF VARIOUS 
LENGTHS 

9.01 Wherever it is necessary to connect 
open-wire circuits to non-loaded cable 

circuits, reflection losses will be introduced 
because of the differences in impedances of 
the two types of circuits, If a section of 
non~oaded cable is inserted in an open-wire 
line, there will be reflection losses at both 
ends. In addition, there will be other losses 
depending upon the length of the cable as well 
as upon its characteristics. The curves on 
Page 156 show the total loss introduced by in­
serting vnr\ous short lengths of cable between 

hl':e 8 

600-ohm resistances for frequencies up to 30 
kc, Page 157 shows the saree data for various 
frequencies from 1 to 30 kc plotted vs the 
length in miles. The values given on these 
curves are about the same as the actual losses 
which occur when a length of non-loaded 13, 16 
or 19-gauge cable pair is inserted in an open­
wire circuit. 

10. REFERENCES 

1. Johnson, K.S. - Transmission Cir~its 
for Telephone Communication. 

2. Principles of Electricity Applied to 
Telepr.one and Telegraph Work Nov. 
1933 - Long Lines Dept., A.T.& T. Co. 

3· Bureau of Standards - Circular No. 74-
Radio Instruments and Measurements. 

4. Warren, A.G., Mathematics Applied to 
Electrical Engineering. 

5· Flemin~, J.A. The Propagation of 
Electric Currents in Telephone and 
Telegraph Conductors. 

6. Kennelly, A.E. -Hyperbolic Functions 
Applied to Electrical Engineering. 

·7. Weinbach, M.P. - Principles of Trans­
mj_s~jon in Telephony. 

8. Colpitts, E.H. and Blackwell, 
Carrier Current Telephony and 
raphy Trans. AlEE Vol. XL 
pp. 205-300. 

O.B. -
Teleg­
(1921) 

9. Dwight, H.B. - Transmission Line Form­
ulas - 2nd Edition (1925}. 

10. Hazeltine,L.A. -Electrical Engineer­
ing. 

11. Standard Handbook for Electrical Engi­
neers. 

12. Pender-Mci1wain - Electrical Engineers 
Handbook (3rd Edition), V, Communica­
tion-Electronics. 

13. Kennelly, A.E., Laws, F.A. and Pierce, 
P.H. · Experimental Researches on 
Skin Effect in Conductors - Proceed­
ings AlEE (Aug. 1915). 

14. Kennelly, A.E. and Affel, H.A. - Skin 
Effect Resistance Measurements of Con­
ductors- at .Radio Frequencies up to 
100,000 cycles per Second - Proceed­
ings IRE May, 1916. 

15. Everitt, W.L. -Communication Engineer­
ing. 

i 



ISS 1, SECTION 304-120-1 00 

n. LIST OF TABLES AND DRAWINGS* ~ATTACHED~ 

Table 
Title Drawing Page No. ~ 

Resistance per Mile vs Frequency -
Temperature 55°F - 10 and 13 AWG 
Pairs ES-855700 115 1 101 

Resistance vs Frequency - Measured 
Values and Values Computed by 
Formulas for Skin Effect - Differ-
ence Shows Proximi~y. Sheath and 
Other Effects - 16 AWG and 19 AWG ES-855701 116 

Resistance per Mile vs Temperature -
16 Ga. Pairs ES-855702 117 1 101 

Resistance per Mile vs Temperature -
19 Ga. Pairs ES-855703 118 l 101 

Resistance per Mile vs Frequency -
16 Ga. Pairs ES-855704 119 1 101 

Res,istance per Mile vs Frequency -
19 Ga. Pairs ES-855705 120 1 101 

Resistance-Temperature Coefficient -
19 Ga. Pairs ES-855706 121 

Inductance per Mile vs Frequency -
Temperature 550F - 10 & 13 AWG Pairs ES-C~·5707 122 2 102 

Inductance per Mile VS Temperature -
16 Ga. Pairs ES-855708 123 2 102 

Inductance per Mile vs Temperature -
19 Ga. Pairs ES-855709 124 2 102 

Inductance per rJ.le vs Frequency -
16 Ga. Pairs ES-855710 125 2 102 

Inductance per Mile vs F~equency -
19 Ga. Pairs ES,.855711 126 2 102 

Capacitance per llile vs Frequency -
Temperature 55°F - 10 and 13 AWG 
Pairs ES-R:6712 127 3 103 

Capacitance per Mile vs Temperature -
19 Ga. Pairs ES-855713 128 3 103 

Cabacitance per Mile VS Frequency -
l Ga. Pairs ES-85571.4 129 3 103 

Capacitance per Mile vs Frequency -
19 Ga. Pairs ES-855715 130 3 103 

Conductance per Mile vs Frequency -
16 Ga. Pairs ES-855716 131 4 104 

Conductance per Mile vs Frequency -
19 Ga. Pairs ES-855717 132 4 104 

* All data given in the tables and drawings are typical values obtained from measurements on full 
size cables unless otherwise noted on the table or drawing. 
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Conductor - Per 100 Feet - 55°F 

Attenuation vs Frequency - 16 Gauge 
Cable Pairs 

Attenuation vs Frequency - 19 Gauge 
Cable Pairs 
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Pairs 
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Cable Pairs 

Attenuation and Phase Change of Pairs 
of Spiral-Four 16 Gauge Cable - Disc­
Insulated Conductors - Per 100 Feet -
55°F 

TeDperature Variation of Attenua­
tion vs Frequency - 16 AWG and 19 
AWG Pairs 

Typical Twist Characteristic - 19 
AWG Cable Pairs 

Components of Attenuation-Temper­
ature Coefficient Due to R, L, G 
and C - 19 Ga. Cable Pairs 

Characteristic Impedance - Z0 =R-jX -
Temperature 55°F - 16 Ga. Pairs 

Characteristic Impedance - Z0~R-jX -
Temperature 55°F - 19 Ga. Pa~rs 

Characteristic Impedance of Pairs of 
Spiral-Four 16 Ga. Cable - Diso­
Insulated Conductors - 55°F 

Phase Delay (~/w) - 55°F -Nos. 10, 
13, 16 and 19 AWG Pairs in Quadded 
Toll Cable - Microseconds per Mile 

Velocity of Propagation - 55°F -
Nos. 10, 13, 16 and 19 AWG Pairs in 
Quadded Toll Cable - Miles per Second 

Insertion Loss and Characteristic 
Impedance of 10 Ga. Paper-Insulated 
Toll Entrance Cable 
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55°F 
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LaGrange, Ind. 

Attenuation Coefficient vs Frequency - LaGrange, Ind. 
Measurements 

Carrier Frequency Impedance of Toll Entrance Cable -
Denver, Colo., 13, 16 & 19 Ga., Quadded, Non-Loaded -
Terninated in 125 Ohms 

Characteristic Impedance of B Cable East - 10 Pair 
Average - LaGrange, Ind. 

Attenuation of 16 Gauge Cable Pairs 
A - On Reel, 247 Feet 
B - Fourteen Reels, 1.3 Miles 
C - Aerial Cable 3.6 Miles, 

Ticonderoga, N.Y. 

Attenuation of 19 Gauge Cable Pairs 
A - On Reel, 247 Feet 
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Ticonderoga, N.Y. 
Curves A & B Show Average of 10 Pairs 

Ticonderoga I1easurements of Variation in 
Attenuation at Different Temperatures for 
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Cable Pairs 

Ticonderoga Measurements of Variation in 
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Cable Pairs 

Loss Produced by Inserting Short Lengths of 
13 Ga. Cable Between 600 Ohm Resistances 
vs Length of Cable 
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TAmE 1 

TYPICAL V A.I.lmS OF RESISTANCE 

NOS. 10, 13, 16 AND 19 AWG PAmB m QUADDED TOLL OA.Bt!S 

Frequency Res istano e - Ohms J!!r Pair Kile 
Kilocycles 10 Ga.. 15 Ga.. 16 Gause 19 Ga!!Si• 
per Second 55° 56° o• 56• YQ.: o• 55° no• - - - - -

0 10.1 20.5 36.5 4.0.2 45.2 '14.2 84.1 94.2 
.06 10.1 20.5 35.5 -'0.2 45.2 '14.2 84.1 94.2 
.1 10.1 20.5 35.6 4.0.2 45.3 '14.2 84.1 94.8 
.2 10.2 20.5 35.6 40.2 45.3 74.2 84.1 94.2 
.5 10.3 20.5 35.6 40.3 46.3 74.2 ·84..2 94.3 
1 10.7 20.6 35.6 40.3 45.3 74.8 84.2 94.3 

1.5 u.o 20.7 35.7 40.4 45.4 74.3 M.3 94.3 
2 11.4 20.8 36.8 40.5 45.5 74.3 84.4 94.4 
3 11.8 21.1 ~.9 40.6 41..6 74.5 84.5 94.4 
4 12.4 21.5 36.1 40.9 45.8 74.6 84.6 94.6 
5 13.1 21.8 36.4 41.1 46.0 74.7 84.8 94.8 
6 13.7 22.1 36.6 41.4 46.2 75.0 85.0 94.9 
8 14.9 23.0 37 •• 42.0 46.7 75.5 85.3 95.2 

10 16.0 23.8 38.1 42.8 47.4 76.0 85.8 95.6 
12 17.2 24.6 38.9 43.6 i8.3 76.6 86.4 96.2 
16 19.'1 26.5 40.9 45.5 50.1 '18.1 8'1.'1 97.5 
20 21.7 29.0 43.2 47.7 52.2 80.0 89.5 98.9 
25 23.9 32.2 46.0 50.6 54.9 82.4 91.7 101.1 
30 26.1 35.5 49.0 53.7 58.2 85.1 9.f,.3 1<Xh5 
35 28.2 38.7 52.0 56.6 61.3 88.0 97.2 106.3 
40 30.3 4J..5 55.0 59.8 64.5 90.8 100.0 109.1 
50 34.5 47.5 61.0 65.8 70.6 96.9 106.0 115.0 
60 38.1 52.5 66.3 71.6 '16. '1 105.2 118.2 181..2 
'15 44..0 60.2 '14.2 79.8 85.3 112.5 121.3 l30.S 

100 $5.0 '11.3 85.8 91.8 9'1.8 12'1.5 137.5 146.0 
120 60.0 79.0 93.5 100.0 106.5 139.5 149.3 158.1 
150 70.0 90.0 104.1 Ul.4 118.8 ll56.6 166.0 1'15 ... 
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TABLE 2 

'fiPICAL VALUES OJ!~ DlDUCTANCE 

NOS. 10, 13, 16 AND 19 AJIG PAIRS IN QJJ.ADllhm TOLL CILBU!: 

Frequency Inductance - W.111henrys l!!r Pair l111e 
Kilocycles 10 Ge.. 13 ae.. 16 Ge.~e 19 Ge.~e 
per Seoond 55° 55• o• 55• 11o• ...Q!._ 55• ~ - - -

0 1.060 1.074 1.102 1.105 1.105 1.116 . 1.117 1.117 
.05 1.059 1.074 1.102 1.103 1.105 1.116 1.117 1.117 
.1 1.058 1.073 1.101 1.103 1.104 1.116 1.116 1.117 
.2 1.056 1.072 1.101 1.105 1.1~ 1.116 1.116 1.11'1 
.5 1.053 1.069 1.101 1.102 1.104 1.116 1.116 1.117 
1 1.047 1.065 1.100 1.101 1.105 1.115 1.116 1.116 

1.5 1.042 1.062 1.099 1.101 1.102 1.115 1.116 1.116 
2 1.036 1.058 1.098 1.099 1.101 1.115 1.115 1.116 
3 1.026 1.051 1.095 1.097 1.099 1.114 1.114 1.115 
4 1.015 1.04.5 1.092 1.095 1.097 1.115 1.11.3 1.114 
5 1.005 1.040 1.091 1.093 1.095 1.112 1.112 1.113 
6 .997 1.034 1.089 1.092 1.093 1.110 1.lll 1.lll 
8 .979 1.023 1.095 1.08'1 1.099 1.109 1.109 1.110 

10 .962 1.012 1.080 1.084 1.086 1.107 1.107 1.108 
12 .949 1.00' 1.076 1.080 1.083 1.105 1.105 1.106 
16 .926 .987 1.068 1.072 1.076 1.100 1.101 1.102 
20 .907 .973 1.059 1.065 1.069 1.096 1.097 1.099 
25 .887 .960 1.049 1.055 1.060 1.089 1.092 1.095 
30 .871 .950 1.040 1.046 1.052 1.083 1.086 1.090 
35 .855 .940 1.031 1.038 1.0fri 1.077 1.081 1.086 
.a .840 .930 1.022 1.029 1.036 1.070 1.075 1.080 
50 .912 .916 1.007 1.0Ur 1.081 1.059 1.065 1.070 
60 .790 .906 .994 1.001 1.008 1.047 1.054 1.060 
75 .770 .892 .977 .984 .992 1.033 1.040 1.047 

100 .750 .870 .956 .963 .970 1.011 1.017 1.024 
1.20 .7-'0 .860 .943 .950 .957 .994 1.001 1.009 
150 .7SO .850 .928 .934 .94J. .972 .979 .986 
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T!PICAL VALUES OF CAPAOl!r.ANCE 

NOO. 10, 13, 16 .AND 19 AWG PAIRS lN Q,U.ADm:::D TOLL CABLE 

Frequenoy Ca;2aci tanoe - Mioro:rarads ;2ar Pair llile 
Kilocycles 10 & 13 ae.. 16 Gause 19 Qe.uge 
per Second 55• o• 55° uo• o• 55• uo• - - -

0 .06100 .05808 .o59re .05992 .06066 .06144: .06224 
.05 .06099 .05807 .05902 .05992 .06065 .06143 .06223 
.1 .06099 .05807 .05902 .05992 .06064 .06142 .06222 
.2 .06098 .05805 .05901 .05991 .06061 .0614.0 .06221 
.5 .06097 .05803 .05900 .05990 .06054 .06135 .06219 
1 .06095 .05799 .05897 .05989 .0604.5 .06129 .06215 

1.5 .06092 .05795 .05895 .05988 .06037 .06124 .06212 
2 .06090 .05792 .05894 .05986 .06030 .06120 .06210 
3 .06086 .05786 .05891 .05984 .06019 .06116 .06207 

" .06083 .05'780 .05888 .05982 .06010 .06115 .06205 
5 .06080 .05775 .05885 .05980 .06002 .06ll0 .06203 
6 .06078 .057'70 .05884 .05978 .05995 .06108 .06201 
8 .060'14 .05'762 .05879 .05975 .0598S .061<>' .06198 

10 .06070 .05755 .058'16 .05972 .059'75 .06100 .06195 
12 .06066 .05'747 .05872 .05969 .05967 .06096 .06193 
16 .06058 .05736 .05866 .05964 .05955 .06090 .06190 
20 .06050 .05728 .05862 .05959 .05945 .06085 .06188 
25 .06045 .05719 .05856 .05954 .05935 .06079 .06184 
30 .06040 .05710 .05851 .05950 .05925 .0607" .06181 
35 .06035 .• 05704 .05&l6 .05~7 .05918 .06069 .06179 
40 .06a50 .05698 .o~ .0594& .059ll .06065 .06177 
50 .06020 .05688 .0583'7 .05940 .05900 .06058 .061'73 
60 .06010 .056'78 .05831 .05936 .05891 .06051 .06170 
75 .06000 .05667 .05824 .05932 .05881 .0604.3 .06166 

100 .05990 .05650 .0581.5 .05927 .05868 .06034 .06160 
120 .05986 .05640 .05806 .05925 .05865 .o~ .06156 
150 .05980 .066SO .05798 .05922 .05857 .06024 .06153 
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103. 10, 13, l6 AJI) 19 A11G PAIBS m QJJ'.ADDED TOLL o.ABLE 

~--,. 
16 Glllse" 

CODluotance - ll:l41'0mbas ;ee Palr IIUe 
XUoa.ral. .. 1j Qalge 

o• 
16 G8llge 

tro• 
ie ace 

lio• Ptlr' Seoo.Jil. 55• :s:;• 55• o• 55• 

.05 ·"0 .85 .as .18 .11 .10 .o6 .O& 

.1 .90 .<&a .~ .M .15 .lJ5 .o9 .06 .. 1.1 .65 .68 .36 .as .&6 .16 .10 

.cs 1.1 1.~ 1.11 .78 ·"' ·'5 •-'0 .15 
1 s.s 1.5 a • .a 1.s& .as 1.ao .a .56 
1.5 4..6 s.5 3.65 a.oo 1.30 s.oo 1.58 •• a Get "·" 5.00 a.65 1.'10 ~36 a.scs 1.35 
3 a.o 6.4. '1.80 ~15 1.'10 '1.50 4..05 a.so 

' 1o.o a.5 10.'1 5.8 3.'10 11.0 5.95 3•4.0 
5 u.o 10.6 14:.0 ?.6 4:.'15 14..1 '1.95 4:.65 
6 u.o 11.'1 lf.O 9.6 5.to 18.5 10.1 6.00 
8 18.5 1'1.0 M.a lS.e a.6o 1'1.5 15.0 a.ao 

10 M 11. sa.o 18.5 11.4: 36.8 10.1 11.9 
l.l at 11'1. 4.1..0 83.5 14..4: -l"l.O ~.a 1cs.o 
16 .6() S7e f56.0 M.CS 11.0 66.0 l'l.t a.o ao m. "'· '15.0 '"·· aa.o aa.o cso.cs 89.5 
85 65 •• 99.0 68.15 sa.o 115. 70.0 4.0.5 so 78 '18. w. eo. a 4.9.0 1"· 87.5 s.o 
35 a5 15. 151.. 1oo. 60.0 1'15. lot. ss.5 
to 108 111. 180. 119. '12.0 805. l.Sl.. 76.1 
~ l.~ 1150. lf.O. 161. 98.0 260. 1'18. 10&-. 
60 170 190. no. 105. 187. 311. 186. 136. 
'15 aao w. S'IO. 8'16. 1'11. 4.1.5. 303. l.&i. 

100 300 scso. 510. f.OO. 151. 5'15. MO. 868. 
110 3'10 4.40. 610. 510. 38'1. '100. 560. Mfi. 
1.50 f.'IO rsto. eoo • 680. "''· too. '14.0. ,,5. 

• Xllt1ate4. 
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TA&X 5 

'nPICAL VAt. 'tii!:S 01!' 
PRDIARY Cctem.m:B 0!' PAIRS CJE SPDUL-lrol:& 16 GA.. CABLZ 

DISC•IEllLATlm OONDU'C':OOBS 
PJJ:R 100 I'D'l! 

5ts• r. 

lre(Jl.c.cy :aea1a tcce IDduotanoe OoD\uotallee C&pa.a1 tanae 
11l.ocjralea Ohll8 111111 benrza lliorombaa Jlicrolliorotarada 

4-o o.80l - -o.s .eoe o.CX578 o.ooo9 471.8 
1 .eaa .0368 .001.~ 471.7 
a .841. .~5 .OCBl 471.7 
3 .860 .CX589 .0035 471.6 
4 .8'1'1 .m1s .0047 471.6 
6 .908 .mo6 .00'14 4'11.5 
8 .m .asoo .01.00 471.~ 
9 .948 .cage .OliO 471.4 

10 .960 .aa96 .01.36 4'11.4 
18 .~ .0294 .0180 471.4 
14 1.005 .0293 .0825 471.:5 
16 1.087 .0198 .0270 471.s 
ao 1.075 .~o .0:570 471.1 
87 1.160 .0888 .0585 471.8 
so 1.190 .cmee .06'10 471.a 
40 1.190 .C287 .0990 471.2 
50 l.SSO .0285 .1M 471.2 
'15 1.600 .0280 .227 471.8 
80 1.MO .0279 .24'1 471.2 

100 1.795 .oa77 .380 471.2 
1.8) 1.9-f.O .0275 .395 4'11.2 
140 a.oeo .em~ .4'13 4'1l.a 
150 a.ua .0873 .513 ,n.a 

" 
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nPmu. rums or ~011 

IllS. 10, a, 11 .ARD 11 .Am PJUJB m q;gmm mLL m 

Jretuenq 
lo Oe.uge 

.&."ttmJa"ion Deoi bela per Pair Jl11e : JC11ooyo1• a Gu&• 1& G!!p 19 Gauge 
R!r Seocmd 5!5• ss• o• GS• fiOi o• GS• lio-- - - - - -

.os .oes .112 .l.S7 .168 .179 .al .247 .263 

.1 .U9 .171 .820 .as& .2:52 .sa& .368 .s71 

.a .162 .237 .sos .~ .SM .~ .491 .~ 

.s .238 .S56 .473 .605 .548 .fl4. .767 .81.9 
1 .197 .4.67 .us .191 .7« .98 1.06 1.14 
1.5 .ss1 .533 .'119 .790 .860 1.20 1.2'1 1.~ 
a .sse .57'1 .'190 .8'10 .950 1.$5 1." 1.M 
s .188 .as .898 .995 1.09 1.~ 1.68 1.80 

• .4.16 .&71 .985 1.09 1.10 1.71 1.88 a.o. 
5 .MO .191 1.04 1.16 1.28 1.81 2.03 2.21 
I ·"' .718 1.08 1.21 1.U 1.95 a.15 2.M 
8 .51.'1 .768 1.14 1.8'1 1.4.1 2.09 a.n a.M 
9 .sa .'1'10 1.1'1 1.SO 1.0 2.l.S a.sa 8.61 

10 .1545 .eoo 1.19 1.sa 1.4.6 2.20 2.43 2.67 
ll .MO .sao 1.81. 1.15 1.48 8.24. 2.48 8.'1S 
lJ .Ill .815 1.8S 1.17 1.50 2.88 a.e:s 2.78 
14 .&a .toO 1.27 1.41 1.55 a.s. 2.60 2.ea 
16 .'100 .914 1.82 1 ... 1.51 2.40 2.67 2.96 
ao .aoo 1.04 1.4.1. 1.~ 1.S8 8.51 8.77 s.o7 
85 .895 1.1'1 1.5& 1.16 1.80 2.65 2.90 3.18 
I 'I .ts1 1.11 1.57 1.70 1.M 2.&8 2.95 s.28 
so ·" 1.87 1.64 1.78 1.91 2.71 s.oa 1.ao 
IS 1.08 1.19 1.71 1.10 a.oa 2.ea 1.15 ••• 40 1.18 1.51 1.87 a.01 2.14 s.oe s.aa s.55 
ao 1.17 1.'1& a.u a.u a.sa s.a& s.S5 s.-ao 
5'1 1.150 1.88 8.86 8.60 I.M a. a 3.71 ••• 60 1.:55 1.95 a.u a." a.ao 1.51 3.'18 4.04 
'IS 1.81 8.a& a. as 1.79 8.98 1.88 4.16 .... .a 
80 1.11 8.ss 2.75 8.90 I, a& '·00 4.29 .... ss 
90 1.08 I.e& a.t& s.u a.&& .... ...~ .. 80 

100 8.25 a. 'II 1.16 a. a s • .f.5 •• 50 .. 79 5.0!5 
180 a.st s.oe 1.56 1.70 1.85 5.00 5.29 5.54. 
160 I.N ••• 1.83 .. 08 ... u 5.50 5.'19 &.04 
150 a.u s.s 4.18 •• 17 •·a 5.71 a.oa a.aa 
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ROS. 10, 1.3, 16 .AND 19 A1IG P.UBS m QJA.IDm TOLL CABI:I 

{Multiply Taluea given b,y 57.3 to get degrees per mile) 

J'requeney Phase Change - Radians per Pair Jlile 
Kilocycles 10 Ge.U8e l3 Ga.U8e 

0~ 
16 Ga.~e 

ilo• 
19 Ga:!!£Pje 

lio-per Second 55° 55° ~· o• 55• - - - -
.05 .010 .Olf .018 .019 .021 .027 .029 .030 
.1 .015 .020 .026 .027 .029 .038 .040 .045 
.2 .021 .029 .037 .039 .042 .OM .057 .061 
.5 .037 .048 .060 .06-i .068 .086 .092 .098 

1 .060 .074 .087 .092 .100 .l2f .IS$ .14.1 
1.5 .084 .097 .110 .116 .l2f .~5 .166 .176 
2 .loa .120 .133 .l.faO .148 .1815 .195 .205 
3 .156 .167 .181. .189 .197 .zs~ .2f9 .261 
4 .20-i .214 .229 .237 .24,5 .!85 .299 .312 
5 .252 .262 .272 .280 .288 .!32 .:548 .36$ 
6 .300 .310 .322 .332 .MO .379 .39-i .412 
8 .390 • .as .418 .<&28 .4.'56 .4.73 .490 .510 

10 .f88 .500 .51.3 .523 .533 .5&9 .58'7 .ao. 
12 .5'75 .596 .60'7 .620 .632 .660 .680 .710 
16 • '758 • '184, .'796 .8J.O .824 .860 .8'76 .895 
20 .9 .. .970 •• 1.00 1.08 1.05 1.07 1.09 
25 1.17 1.20 1.22 1.2-i 1.26 1.30 1.32 l.M 
30 1.39 1.63 1.f6 1.48 1.51 l.M 1.57 1.59 
35 1.61 1.66 1.66 1.71 1.'75 1.78 1.82 1.85 
.a 1.82 1.89 1.90 1.95 1.~ 2.03 2.06 2.10 
50 2.23 Z.M 2.36 2.42 2.f6 2.51 2.55 2.59 
60 2.64. 2.79 2.81 2.89 2.94 2.99 :5.05 3.09 
75 3.25 3.4.6 3.6:9 :s.&t 3.66 3.69 3.76 3.82 

100 •• 26 4.&& 4..63 4.'71 •• '78 4.86 6:.98 5.08 
120 5.08 15.42 5.50 5.60 5.68 5.78 5.81 6.00 
150 6.30 &.'IS 6.82 6.96: '·05 7.16 '7.28 7 • .&J. 



- 106 -

TABLE 6 

TYPICAL V AWES 0!' 
ATTENUATION AND PHASE CHANGE OF 

PAIRS OF SPIRAL-FOUR 16 GAUGE CABLE 
DISC-INSULATED CONDUCTORS 

PER 100 FEET 
55• r. 

l!'re qu.a no 1 Attenuation Phase Change 
KUooyoles Decibels Radians 

o.s .oo5o .00063 
1 .0063 .00127 
2 .0105 .00190 
3 .0122 .00273 

' .0134 .0034:3 
& .0145 .00463 
a .0153 .00624 
9 .0156 .00694 

10 .0162 .00765 
12 .0166 .00908 
14 .0172 .01052 
16 .01'16 .0119 
20 .olea .0146 
87 .0203 .0199 
30 .0210 .0280 
40 .0830 .0291 
50 .0846 ~.0368 
75 .o2ae .0540 
eo e0294 .0577 

100 .o384r .0718 
120 .0358 .0858 
14.0 .0380 .0999 
150 .0393 .1068 

I 
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'l'!PIOAL V.ALUIS OJ' CBA8AO'!BRISTIO II&'I!DARm 

lll3. 1.0, lS, 1.6 All) 19 J1IG P.AIRS IR QtJADD1D '1'0U. aa:m.. 

~ 
16 Gaup li·atw&e 

Charaotert~to lllpe4aDoe - Sc, • R0 - jX (Obu) 
11looJO].ea !6 Qauge 

IIo• 
1.9 Gauge 

per Se00114 DG• 05• o• !5• . 5• 55• Jio• 

.05 M6-j006 '141-.1781. 999-.19'14 l.ODO-j10S5 1103-,11089 14.02-.11388 1Ma-j14'1l ~-j15C8 

.1 3'1'1-.1358 589-,1:!05 '109-.168'1 '1.f.5., j '128 '183-.1768 99S-j980 1050-j10S8 ll03-j1093 

.a 175-ji.U. &79-jS58 506-.148& CS31-j5U 558-j5S9 '106-j690 7~j'1Sl '183-,1'1'10 

.5 191-.1140 858-jiUl 389-.1897 MtS-.131.0 S61-J333 453-j4.3.1. 4'18-.1415'1 :H>1-j-&81 
l. ~.188 193-jl.St IM-.1800 IIM-JIU 860-,1887 328-j89'1 M5-j3l'1 361-.1335 I 

1.5 U6-j66 17Q-j106 &1.5-,1163 aa5-j1'13 835-jl85 875-j848 888-jaM 895-j8'14 .... 
a UQ-j53 158-jSO.'l 196-jl39 805-j148 813-,115'1 h5-j202 255-j&l5 865-,1889 0 

Q) 

s l.M-.138 146-,168.'1 l.'13-j105 1'18-~ll.S l.83-jl8l. &lo-j158 21.7-.1169 88S-jl80 • 
" l.38-j3l Uo-j~9.'1 158-,18&.1 163-,188.7 1.65-,195.8 19Q-jl30 1K-j14.0 100-jUSO 
0 l3G-j86 138-j4rl.5 158-.165.2 1M.-J'11.8 156-,1'18.0 1'1'1-.1118 l82-jl8l 18'1-jl.Sl. 
6 189-jl3 135-,135.3 148-,154..5 150-,159.'1 15.1.-.165.0 1'1Q-j96.0 l'1-i-j10'1 1'19-.1115 
8 18'1·.119 133-jaa.o 1-lol-.142.7 l45-jfr7.~ 145-,158.0 159-.1'18.2 162-,186.5 1M-.1"'·0 

10 l86-jl6 l31-j83.fr 148-,136.5 1.a-jfr0.1 148-j-&4.3 152-,166.0 153-,1'12.5 155-.1'19.& 
12 l85-jl.4. 130-j20.3 141-.132.5 140-,135.~ 140-.139.0 1-&'1-.15'1.5 150-,163.8 151-J?o.a 
16 183-,118 l89-j16.5 l39-j86.5 1.38-Jat.o lza-j32.0 143-,14&..9 144-J50.a 14.5-,155.0 
ao 188-jll 188-j1fr.6 138-,188.9 13'1-.125.0 136-j&'l.O 14rl-j3'1.0 141-,141.4 141-.145.1 
85 l8Q-j10 l8'1-Jl3.o l37-Jl8.9 136-Jil.o 135-,123.0 139-,130.5 139-JM.fr 138-,137.8 
so 119-.19 la6-jll.9 136-.115.9 l35-j17.5 l34-J1t.o l38-j26.'1 13'1-.189.'1 137-,132.5 
~ ll8-j8 l.S5-jll.& 135-,113.9 1M-j15.8 1M-j17e3 138-,123.6 136-,126.1 136-.129.0 
<&() 117-.18 l85-j10.5 135-.112.5 13-&-,114..0 133-.115.8 l37 .. j8l..5 135-,183.9 135-.126.0 
f50 116-j'l 184-,19.7 134.-,111.9 1.33-,11&.9 l3.2-j1fr.O 136-,118.5 l.M-j20.3 ~j22.0 
60 115-j'l 183-,18.9 133-.110.5 138-.111.8 l.31-Jl8.8 135-jl.6.4 133-.117.9 133-j19.fr 
'1:5 llA-.16 188-.18.8 138-,19.5 131-.110.4 130-jll.& 134-j1fr.3 132-.115.6 l3l-Jl6.8 
100 ll8-j6 18l-j'1.3 l31.-j8.3 l.a9-j9.0 128-,19.8 132-jl2.1 l31-jl.S.l l3o-j14:.1 
laO lll-j5 180-j&.'l 13o-j'1.5 l88-J8.o l28-j8.9 13l-j11.1 l3o-Jl2.o l89-jl3.0 
1.50 lll-.15 ll9-j6.1 l89-j6.5 18'1-J'l.S 126-j'l.V l30-j10.0 l89-j10e'1 l88-j11.4 

-
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TABLE 10 

TYPICAL VALUES 0!' 
CHARACTERISTIC IMPEDANCE OF 

PAIRS OF SPIRAL-FOUR 16 GAUGE CABLE 
DISC ·INSULATED CONDUCTORS 

Frequenoy 
KUooyo1es 

0.3 
1 
2 
3 

' 6 
8 
9 

10 
11 
14r 
16 
20 
27 
so 
.a 
150 
'15 
80 

100 
120 
140 
1~ 

e5• F 

Impedance -
Zo • Ro - ~X 

705 - ~645 
428 - ~324 
350 - ~230 
307 - ~157 
290 - ~125 
272 - J 93.9 
263 - ~ 75.0 
861 - 3 68.2 
158 - ~ 62.7 
256 - ~ 54.0 
254 - 3 4r7.7 
253 - J 43.0 
226 - J 3&.0 
2,9 - j 19..1 
848 - j 26.5 
846 - ~ 21.0 
845 - j 19.0 
244 - j 16.0 
844 - j 14.1 
243 - J 13.3 
241 - j 12.0 
Ul • j 10.3 
8.0 - ~ 10.1 

I 
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'rA:BLE ll 

TYPICAL VALUES OF PHASE DELAY (~/CD) 

NOS. 10, 13, 16 AND 19 AJIG PAIRS IN QUADDED 'roLL CABLE 

J'requencr 
Kilocycles 
per Second 

.05 

.l 

.a 

.:; 
1 
1.5 
2 
3 
4 
5 
6 
a 

10 
12 
16 
80 
85 
30 
35 
40 
50 
60 
75 

100 
120 
150 

31.8 
83.9 
16.6 
u.s 
9.6 
e.g 
8.6 
8.3 
a.1 
a.o 
a.o 
7.9 
7.8 
7.6 
'7.6 
'7.5 
'7.4 
'7.4 
'7.3 
'7.2 
7.1 
'7.0 
6.9 
6.8 
6.7 
6.7 

Phase Delay - Microseoonds :per Pair Mile 

"'·7 
31.9 
23.0 
15.3 
11.7 
10.3 

9.59 
a.e6 
8.53 
8.34 
e.a1 
a.o6 
7.96 
7.90 
'7.80 
7.'12 
7.66 
7.61. 
7.56 
7.52 
7.45 
7.40 
7.33 
7.23 
7.l9 
7.U 

57.3 
41.4 
29.4 
19.1 
13.8 
11.7 
10.6 

9.60 
9.11 
a.65 
8.54 
8.37 
a.17 
a.oo 
7.92 
7.81 
7.78 
7.71 
7.63 
7.56 
7.50 
7.45 
7.40 
7.36 
7.30 
7.84 

60.5 
43.0 
31.0 
20.4 
14.7 
12.:5 
11.1 
1o.o 

9.43 
8.90 
a.Sl 
a.m 
8.38 
8.22 
s.o6 
7.96 
7.91 
7.M 
7.78 
7.76 
7.73 
7.68 
7.61 
7.50 
7.43 
7.37 

66.8 
46.2 
33.4 
21.6 
15.9 
U5.2 
11.8 
10.5 

9.75 
9.16 
9.02 
8.67 
a.4B 
8.38 
a.ao 
8.12 
8.02 
7.99 
'7.96 
7.92 
7.83 
7.74 
7.78 
7.60 
7.53 
7.48 

85.9 
60.5 
43.0 
27.4 
19.7 
16.5 
14.6 
12.6 
11.3 
10.5 
1o.o 

9.4.1 
9.06 
8.75 
8.56 
8.36 
8.26 
a.1e 
a.11 
8.06 
7.99 
7.95 
7.84 
7.74 
7.67 
7.60 

92.3 
63.7 
45.4 
29.3 
21.2 
1'1.6 
15.5 
l.S.2 
11.9 
11.1 
10.4 

9.75 
9.M 
9.02 
8.71 
8.52 
8.40 
8.31 
a.aa 
a.ao 
8.12 
8.09 
7.98 
'7.92 
7.81 
7.72 

95.5 
68.4 
48.5 
31.2 
22.4 
18.5 
16.~ 
13.8 
l2.4 
11.5 
10.9 
10.1 

9.61 
9.42 
8.90 
a.69 
8.55 
8.45 
8.41. 
8.34 
8.84 
a.20 
e.u 
8.02 
7.96 
7.86 
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TABLE 12 

Tn>IC.AL VALU:ES OF VELOCITY OF PROPAGATION 
55° F 

NOS. 10, 13, 16 AND 19 AWG PAIRS m QUADDED TOLL CABLE 

Frequency 
Kilocycles Velocit~ - Miles ~er Second 
:2er Second 10 Gauge 13auge 1 Gauge 10 Gauge 

.05 31,000 22,380 16,540 10,830 

.l 43,000 31,390 23,270 15,710 

.2 59,000 43,550 32,220 22,050 

.5 84,000 65,540 49,090 34,150 
l 103,000 85,430 66,840 47,240 
1.5 111,000 9!,010 81,250 56,780 
2 115,000 104,310 89,760 64,.UO 
3 120,000 112,850 99,730 7~,700 
4 123,000 117,270 106,050 84,060 
5 124,000 119,940 110,230 90,280 
6 125,000 121,770 113,550 95,690 
a 127,000 124,010 117,440 102,590 

10 128,000 125,550 120,140 107,040 
12 130,000 126,580 121,610 110,880 
16 132,000 128,260 124,120 114,760 
20 133,000 129,490 125,660 117,440 
25 134:,000 130,570 126,470 119,000 
30 136,000 131,420 126,760 120,370 
35 137,000 132,240 128,600 120,830 
40 138,000 133,060 129,120 122,010 
50 141,000 134,260 129,330 123,200 
60 142,000 135,170 130,230 123,610 
75 145,000 136,380 131,280 125,330 

100 147,000 138,270 133,320 126,300 
120 149,000 139,160 134,640 128,000 
150 150,000 140,080 135,650 129,470 

I 
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TABLE 13 

mSERTION LOSS AND CHARACTERISTIC IMPEDANCE 
10 GAUGE PAPER mSULATED TOLL ENTRANCE CABLE 

MEASURED AT CHARLOTTE~ NORTH CAROLINA 

Insertion Loss* C~aracteristio Impedance 
Kilocycles (Ave!ge) 0 • ~ • 3X (Average J 

OUter Group db/ • per Second 

1 
5 

10 
15 
20 
25 
30 
4:0 
50 
60 
80 

100 
120 
140 
150 

:tnner Group 

0.36 190 -.177 182.5-.172.5 
0.4-3 152e8•J25e2 143.3-j25.2 
0.56 l49.5-jl6.9 l39.5-jl7.3 
0.67 145.9-jl3.9 l35.5-jl3.2 
0.77 145.8-j 9.6 l35.9-jl0.4 
o.e6 144.8-JlO.o 135.0-.111.4 
0.94 143.5-j 9.5 131.7-j 9.2 
1.06 141.8-j 8.8 132.7-j 8.5 
1.20 140.0•.1 4.6 132.3-j 7.9 
1.31 141.7•.1 2.6 129.1-j 6.2 
1.52 141.9-j 6.0 128.5-j 5.2 
1.72 139.4-j 3.4 128.6-j 1.2 
1.90 142.2-j 2.5 127.4-j 1.3 
2.07 144.1-j 1.9 128.5+.1 o.9 
2.18 145.0•.1 4.5 127.7-j 0.8 

*Insertion Loss measured between 135 ohm resist­
ance on 5.14 mile length ot cable. Temperature 
about 60• P. 

I 
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~14 

CONS'D\N'l'S OF 22-a.\.tnJ: EMIBGlNCY OABLR AND 19-GAUGE CL EMBRGENCY CABLE 

55•F 

22 Ga. Side 
Phantom 

Dry 
19 Ga. CL Side Wet 

Dr.1 
Phantom Wet 

Primary Ooutants - Per 1000 Feet 
iooc Cycle 

DC Inductance Conductance Capacitance 
ltesin!!!• Kilhanrys Kicromhos Kicrof'arads 

31,5 0,19 
15,7 0.13 

17,5 0.26 
17.5 0.26 

8.7 o.o9* 
8,7 o.o9* 

0,25 
0,40 

(a) 
(a) 

(a) 
(a) 

,012 
,019 

.021 
,027* 
,047 
,054* 

(a) Leakage conductance at 1000 cycles is negligible as compared 
to capacitance susceptance. 

* EStimated 

Seconda;J Constants - Per 1000 Feet 
Characteristic Attenuation 

Propagation OoD8tant !aPedance Decibels 

22 Ga. Side ,0339 + j,0351 647/4:.5,8• 0,29 
PbantoDL ,0299 + j,0314 3&e/f:.5.4• 0.26 

Dr.1 ,0324 + j,0356 365/42• 0,28 
19 Ga. OL Side Wet ,0368 + j.04D4 320/U• 0.32 

Dr.1 ,0$47 + j,0370 170/4:5• 0.30 
Pbantolll Wet .0372 + j,0397 160/43• O,S2 
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