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The principal object of my invention is to 
provide simple and effective means for con 
necting in sequence two electric signal trans 
mitting lines of different character. Another 
object of my invention is to provide for con 
necting a non-loaded open wire transmission 
line and a loaded cable circuit with equaliza 
tion of impedance both ways at the connec 
tion over a suitable frequency range for tele 
phone, voice currents. Another object is to provide simple standardized apparatus that 
may be readily interposed at the junction be 
tween an open wire line and a cable to facili 
tate their operation as one signaling circuit. 
These objects and other objects of my inven 
tion will become apparent on consideration 
of a limited number of examples of practice 
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according to the invention. It will be under 
stood that the following specification relates 
principally to these particular examples of 
the invention, and that its scope will be in 
dicated in the appended claims. Referring to the drawings, Figures 1 and 
2 are diagrams of telephone conductor sys 
tems in which my invention may be employed advantageously; Figs. 3 and 4 are detailed diagrams illustrating the principles involved 
in the practice of the invention; Figs. 5, 6 
and 7 are curve diagrams that will be re 
ferred to in this connection; Figs. 8 and 9 
are diagrams showing essential details in 
more specific form; Fig. 10 is an impedance 
frequency, diagram for a composite circuit 
compensated according to my invention; 
Figs. 11 and 12 are diagrams for quads, that 
is, for two side circuits and the associated 
phantom circuit in each figure; and Figs. 13 
and 14 are diagrams suggesting how certain 
capacities may be embodied in the practice 
of my invention. Fig. 1 represents a long distance telephone 
system with terminal stations at 11 and 12 
and with open wire conductor pairs at 13 and 
14. At an intermediate place in the line 
13-14, it passes through a city or other area, 
where it is not practicable to carry the line 
in the open wire form. Accordingly, it is 
continued across this area in the form of a 
loaded line 15 comprised within a cable 16. 
Suitable networks are provided at 17 and 18 

to facilitate the junctions between the open 
wire line and the loaded cable circuit at these 
points. In a certain aspect, my invention re 
lates to these networks 17 and 18, examples 
of which will be fully disclosed in this speci 
fication. Fig. 2 represents a long distance telephone 
transmission line connecting two terminal 
stations 11’ and 12'. The station 11 is with 
in a city of extended area so that the open 
Wire line 14 cannot be carried all the way to 
the station 11. Accordingly, the open wire 
line 14 is terminated at the networkls, from 
which point the circuit is continued in the 
form of a loaded line 15 within the cable 
i6 to the terminal station 11'. 
Proceeding to a discussion of the principles 

involved in the design of the networks such 
as 17, 18 or 18, let the loaded line 15 in 
Fig. 8 end at its right at half coil termina 
tion so that the inductance at each coil will 
be L, except that for the coil at the right 
the inductance will be 5. Let the impedance 
looking into the loaded line across its ter 
minal points 19 and 20 be represented by 
A. Let the network 18 consist of a series 
impedance a and a shunt impedance b. A 
switch is shown in this figure to indicate that 
impedance b can be connected at either the 
right or the left of impedance a. For the 
present, and unless otherwise stated, it will 
be understood that the connection is at the right, as shown by the position of the switch. 
in Fig. 8. From the right-hand terminals 
21 and 22 of the network 18 extends the 
open wire line 13. Let the impedance look 
ing into this open wire line from the net 
work 18 be represented by B. 

It is desired that the impedance looking 

60 

65 

70 

75 

80 

85 

90 

into the network 18 across the terminals 
19, 20 shall have the value A and that look 
ing into this same network across the termi 
nals 21, 22, the impedance shall have the 
value B. Thus will be secured the important 
condition that there shall be no inequality 
of impedances and that there shall be no 
reflection effects. Such irregularities, if pres 
ent, will impair repeater operation on the 
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circuit and cause the quality of transmission to be poor. 
For the open wire line 13, let the series 

inductance per unit length be L, and the 
shunt capacity per unit length be C. Then, 
asis well known, for considerable frequencies, 
the Alice of the open wire line is sub stantially a constant resistance given by the formula 

B= WLIO (1) 
This approximation is called the “nominal ing or the loaded line 15, I have already men 
tioned that the inductance per loading coil 
is L. Let the distributed capacity per sec 
tion, that is, between the consecutive loads, bed where the ratio of L to dis the same 
as the corresponding ratio for the open wire 
line. The determination of L and C as a mat 
ter of design will be considered presently. Accordingly, 

B-ILIC-VLIC (2) 
This makes the nominal impedance for the 
cable conductor the same as for the open 
wire line. r 

The impedance A of the loaded line will 
be sufficiently approximated by assuming 
that the capacity C per section is lumped. 
The impedance of a loaded line at full load 
termination, or at full section termination, 
or at any fractional load or section termi 
nation except half load and half section 
will have a reactance component. However, 
for a recurrent network of alternately dis 
posed series inductances L and shunt capaci 
ties C with midcoil termination at the in 
put, the impedance is well known to be a 
pure resistance, but a function of frequency, 

1,738,127 
across the terminals 21, 22 is given by the ad 
mittance equation 

The solution of these equations is 
a = WA (Al-B), b = AB/a (8) 

An inspection of Equations (8) shows that a 
and b will be both resistances, or reactances 
according as A is greater than or less than B. 
Inspection of Fig. 5 shows that the last stated 
condition holds, that is, A is less than B, at 
all frequencies in the range from above w-0 
up to w = 1.0. 
But if the switch 23 in Fig. 3 is thrown th 

other way, then, instead of equations (8), the 
solutions for a and b (call them a' and b' in 
this case) will be 

a' = VB(B-A), b = AB/a (9) 
Inspection of these equations shows that with 
A less than B (which is according to Fig. 5), 
a' and b' are resistances. 
With the switch 23 to the right, a and b are 

reactances, but to the left, a' and b' are re 
sistances; an advantage in the first alterna 
tive is that the reactances will be non-dissi 
pative, whereas the resistances will intro 
duce losses. Moreover, the resistances will 
be functions of frequency and therefore even 
if they can be realized physically, it will not 
be by means of simple resistances, but net 
works more or less complicated will be neces 
sary. On the other hand, as will be shown 
presently, with the switch23 to the right, the 
reactance values for a and b can be embodied 
in very simple form and with good approxi 
mation to accuracy over the necessary fre 
quency range. 

Substituting from Equations ( 1) to (5) for 
A and B in Equations (8), we obtain the fol- . lowing values for the network elements a 
and b : 

a- VL/CV1-w- V1-, 5- -a (V1-w+1)/u (10) as given by the formula 

and fstands for the frequency, and fstands 

(3) 
where 

for the critical frequency, that is, the fre 
uency at which, with increasing frequency, 

the loaded line cuts off and stops transmit 
ting. The value off is given by the formula 

55 
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f=1/n LO (5) 
Referring to Fig. 5, the lower curve shows 
A/WLIO plotted against w. The horizontal 
line with ordinate 1.0 represents the value of 
B/VITO; thus it corresponds to the nominal 
iFi. econdition of impedance equality across 
the terminals 19, 20 is 

A=a+bB/(b+B) (6) 
and the condition for impedance equality 

Referring to Fig. 6, this shows a curve U 
-which is the plot of afi VL/C, as given 
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by the first of Equations (10). Also, in Fig. 
6, the curve V gives -b/i-VL/O as a func 
tion of w, as expressed in the second of Equa 
tions (10); the negative sign in the forego 
ing expression - b/iWL/O is for conveni 

115 

ence so as to show the curve above the axis of 
abscissas in the same quadrant with the curve U. 
In the design of loaded cable conductors to 

20 

be connected in sequence with open wire line, 
the given conditions comprise the following: 
The inductance per unit length of the open 
wire line is L', and the capacity per unit 
length is C, and the resistance per unit length 
is R'. A conductor pair in a cable will have 
about the same shunt capacity per unit of 
length for all sizes of wire that may be open 
to consideration. Let this capacity per unit 
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length of the cable pair be C. The next lim 
iting condition to be considered is the dis 
tance between loads. This has become stand 
ardized for toll cables at 6,000 feet, and the 
same spacing will therefore be most conveni 
ent for cables to be interposed in non-loaded open wire lines transmitting only a voice fre 
quency telephone channel. Thus the shunt 
capacity C per section length of the loaded 
line is fixed at a value dependent on C'. As 
already pointed out in this specification, we 
must have the ratio L/C-FL/O, and, since 
C, L and C are fixed, this condition fixes 
the value of L. The time constants for the 
two lines should be the same, and this condi 
tion is expressed 

R/L = R/L (11) 
And, since L, R, and L are fixed, this Equa 
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tion (11) fixes the resistance R of the cable 
pair, that is, the size of the gauge of the con 
ductors in the cable. It remains to consider 
the frequency at which the cable cuts off. 
This is given by Equation (5), and, in prac 
tice, with L and C as they are determined by 
the foregoing considerations, the cut-off or 
critical frequency f. is found to be about twice 
as high as the maximum frequency for which 
an impedance irregularity at the junction of 
the loaded cable and the open wire is im 
portant. 

Hence, referring to Fig. 6, we desire to em 
body the reactances a and bin such form that 
their impedance values will plot to close to 
the curves U and W over the frequency range 
from a little above w=0 up to about w=0.5. 
Knowing that inductance reactance is a 

linear function of frequency with zero value 
at zero frequency, it is at once apparent from 
Fig. 6 that the impedance a will be well real 
ized by an inductance. To get a close prac 
tical approximation for the range from 0 to 
0.5 for up, we take a point on curve U whose 
abscissa has a convenient intermediate value, 
say 0.3, and draw the straight, dotted line 
through this point and the origin. The im 
pedance a is to be an inductance whose char 

... acteristic will be 

55. 

is found to be 0.346L. 

60. 

given by this dotted line. 
From the first of Equations (10), or from the 
U-curve in Fig. 6, we find that 

a = i-VL/O 0.208. 
But we know that the impedance a will be 
i2nf times the inductance wheref 
Equations (4) and (5) with w = 0.3. Equat 
ing these two values of a, and solving for the 
inductance'as an unknown 

Aglance at Fig.6 suggests the resemblance 
of the curve W to a rectangular hyperbola, 
that is, for values of w considerably less than 
1.0. Knowing that the impedance character 
istic for a condenser is a rectangular hy: 

1 perbola, we assume that the impedance b of 
65 Fig. 3 is embodied in a condenser and that its 

is given by 

quantity, its value 

3 

characteristic on Fig.6 is to pass through the 
point of the curve W whose abscissa is 0.3. 
From the second of Equations (10), we get . 
the value of b for w=0.3 and equate it to the 
impedance value of the assumed condenser 
and solve for this value as an unknown 
quantity. Proceeding thus, the result is ob 
tained that the capacity value of this assumed 
condenser is 0.37C. The dotted line curve 
which intersects, the curve V at the point 
whose abscissa is 0.3 is the impedance char 
acteristic for this condenser. 

It will be seen that the dotted, straight line 
characteristic for the inductance impedance 
a, and the dotted curve characteristic for the capacity impedance b fit approximately to 
the curves U and W for values of ut from a 
little above zero up to about. 0.5; as already 
stated, for the practical case of loaded cables 
connecting with non-loaded open wire lines 
transmitting only a voice frequency telephone 
channel, this is a sufficient frequency range 
for which an impedance irregularity at the 
junction of the cable and the open wire is 
important. - 
With the values that have been suggested 

heretofore for the open wire line and the 
loaded cable conductors, the inductance and 
capacity values for a and b are indicated in 
Fig. 8, which shows a loaded line on the left 
connected with a non-loaded open wire line 
on the right. Going along this composite line 
from left to right, we come to a full unit load 
ing coil of inductance value 0.031 henry; then 
a full section of 6,000 feet of cable conductor 
pair of shunt capacity value 0.0704 micro 
farad; then another full unit load; then 
another full unit section; next, an inductance 
corresponding to the coil of value L/2 ad 
jacent to the terminals 19, 20 in Fig. 3 com 
bined with the inductance whose impedance 
value is a. According to the results hereto 
fore obtained, the inductance of this frac 
tional unit in Fig. 8 should be (0.5 + 0.346) L, 
that is, 0.846L. For practical reasons, the 
value of this fractional inductance unit in 
Fig. 8 has been fixed at the slightly different 
value, 0.86L, which corresponds to an in 
ductance of 0.0267 henry. This slight dis 
crepancy is principally due to the presence 
in the actual case of a certain amount of dis 
tributed inductance in the cable conductor 
E. and also mutual capacity in the loading 
COIS. 
The shunt impedance b is embodied in a 

condenser, as has already been explained. 
Its approximate value, according to the as 
sumptions made heretofore, was 0.37C. For 
the above mentioned practical reasons, the 
slightly different value 0.36C has been taken. 
This gives, in Fig. 8, 0.36 section of cable con 
ductor pair at the right, that is, 2,170 feet of 
capacity value 0.0254 microfarad. - Next to 
the rightis the non-loaded open wire line. 
Thus far, dealing with Fig. 3, we have as 
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sumed a mid-coil termination at 19, 20 for 
the loaded line. This termination makes the 
impedance A looking into the loaded line a 
pure resistance, though variable as the fre 
uency varies. There is another termination 
or a loaded line that will make the im 
pedance looking into it a pure resistance, 
namely, at midsection, as shown in Fig. 4, 
for the loaded line extending to the left Fo 
the terminal points 19 and 20. This mid 
section impedance value is shown by the upper 
curve in Fig. 5. By a procedure analogous 
to that for Fig. 3, the proper values for the 
impedances a? and b of Fig. 4 may be ob 
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tained to equalize the impedances at 19, 20, 
and at 21, 22. When b is at the left of a', 
then a' and b will be reactances, but when at 
the right, they will be resistances, but not con 
stant as the frequency varies. We reject the 
latter alternative on the same considerations 
as for our rejection of the corresponding 
alternative in connection with Fig. 3; and, 
accordingly, with the arrangement shown 
in Fig. 4, the following values are obtained 
for a? and b, namely, 

The characteristic curves for the im 
pedances a? and b' of Fig. 4, as functions of 
the frequency ratio w, are shown in Fig. 7, 
for which the meaning will be readily ap 
parent in view of the analogy to Fig. 6 and 
the explanation that that has been given for 
Fig. 6. In the same way as for Fig.6, we as 
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50 

sume an inductance for a' and a capacity for 
b' such that their impedance values will give 
points on the curves U and W, respectively, 
at the frequency value for which w = 0.3. 
The dotted lines in Fig. 7 show the impedance 
characteristics for such assumed inductance 
and capacity, and show a satisfactory agree 
ment with the solid line characteristics U 
and W within the frequency range from a 
little above zero to about 0 = 0.5. 
In Fig. 9, the specific values for the junc 

tion network elements are indicated for the 
particular example of open wire line and 
loaded line heretofore mentioned. Going 
along the loaded line from left to right, we 
come to the last full unit loading coil and 
then a section which, according to the theory 
heretofore developed, should have the ca 
pacity value (0.5 + 0.346) O. For practical 
reasons, as explained previously, this is taken 
at a slightly different value, namely, 0.83C, 
or, 4,960 feet with shunt capacity value 
0.0583 microfarad. Next, on the right, is the 
fractional coil to embody the series imped 

CO 
ance a' of Fig. 4. This would be 0.37Lac 
cording to the assumptions made, but, for 
practical reasons as mentioned above, it is 
taken at the slightly different value of 0.36I, 
giving the coil at the right in Fig. 9 an in 
ductance value 0.0113 henry. Next, to the 
right, comes the non-loaded open wire line. 

1,738,127 

I desire to call attention to the flexibility 
of design afforded by my system of joining 
an open wire line and a loaded line. Evil 
dently, it will often be impracticable to make 
the initial section length of loaded line, at 
the junction, of the full normal value, or any 
single definite fraction thereof. If the dis 
tance from the end of the non-loaded open 
wire line to the first loading station is less 
than 0.36 section or greater than 0.83 sec 
tion, then the system of Fig. 8 will be prefer 
able to that of Fig. 9. Attention is directed 
to the stretch designated a in Fig. 8. In geo 

70 
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graphical extent the loaded line may end 
at any point along this stretch a, the re 
mainder of the conductor pair between such 
point, and the point 21, 22 being made up of 
local capacity. For such local capacity, stub 
cable may be employed as will be explained 
presently. 
On the other hand, if the distance from 

the end of the non-loaded open wire line to 
the next loading station is greater than 0.36 
section but less than 0.83 section, then the sys 
tem of Fig. 9 will be preferable. In this case, 
the line may end in geographical extent at 
any point within the stretcha, the remainder 
of the conductor pair from such point to the 
point 21, 22' being made up of local capacity. 

It will be noticed that in Figs. 8 and 9 the 
non-loaded open wire line coming in from the 
right ends at a definite point; but the loaded 
line coming in from the left merges at a geo 
graphically indefinite point into the junction 
network. In other words, the geographical 
extent of the line as a whole may lie more or 
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less in the junction network on its side to 
ward the normally loaded line. 

Fig. 10 shows certain actual resistance and 
reactance components for the lower range of 
frequencies, that is from a little above zero 
up to 3,000 cycles per second. The charac 
teristics in Fig. 5 are based on the assump 
tion of zero ohmic resistance; this assump 
tion gives closely approximate results for 
the resistance component of the impedance 
at higher frequencies, but it does not do so 
at lower frequencies. Moreover, the assump 
tion just mentioned implies absence of a re 
actance component, but without the assump 
tion there will be an actual reactance com 
ponent of small value at higher frequencies 
and of greater value at lower frequencies. All 
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these statements will be apparent in connec 
tion with Fig. 10, and the legends thereon, 
and moreover it will be seen that the loaded 
line with fractional section ending as in Fig. 8: 
matches the open wire line to a close approxi 
mation, both as to resistance and reactance, 
over the whole range below 3,000 cycles. This 
practical case, here used for illustration, deals 
with a 104-mil non-loaded non-pole pair open 
wire side circuit and a 19 gauge cable side cir 
cuit. A large part of the slight discrepancy 
between the characteristics for the open wire 
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line and the 0.84 section cable pair is due partly to a small design compromise to adapt 
the cable system to certain other cases of open 
wire lines, and partly to the fact that the ideal 
size of cable conductor to go with the given 
open wire line is different from the nearest 
available standardized size which is taken 
instead of such ideal size. 
The principles of my invention may be em 

ployed advantageously not only for the side 
circuits of a quad, but also for the associated 
phantom circuit. will be the same for the phantom circuit as 
for the side circuits, and the fractional sec 

20 
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tion length will be the same for the phantom 
circuit as for the side circuits. 
understood, the phantom load coils will each 
have four windings instead of two, as for the 
side load coils, and since the capacity per 
section for the phantom circuit is different 
from the capacity per section for each side 
circuit, the inductance value of each normal 
phantom load coil will be different from the 
corresponding value for each side circuit load 
coil. But the inductance value of a phantom 
fractional load coil will have the same ratio 
to the inductance value of a fractional side 
circuit load coil that a full phantom coil has 
to a full side coil. 
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Fig. 11 shows the quad with the iunction 
arranged on the base of midcoil ending for 
the loaded lines, and Fig. 12 shows the quad 
with the junction arranged on the base of a 
midsection ending for the loaded lines. With 
the leprends inscribed on these fioures, it is 
thought that their significance will be readily 
apparent without further explanation. One 
noteworthy advantage of my invention is 
that the relatively simple design for each 
side circuit makes it easy to combine the 
sides in a phantom. 
As already suggested, the distance' from 

the terminals of the open wire line to the 
first loading station away therefrom will be 
different in different cases, but alwavs less than 6,000 feet according to the specific ex 
ample here presented. Accordingly, in many 
cases, more or less building out of section 
length will be necessary 
pose, a moderate length of cable in proxim 
ity to the open wire line terminals may be 
employed. The necessary. building out ca- . 
pacity may be obtained by utilizing several 
stub conductor pairs in parallel, with their 

55 distant ends open, as indicated diagram matically in Fig. 13. Or, a sufficient num 
ber of conductor pairs in the local cable sec 
tion may be interposed in series in the line, 
as indicated in Fig. 14. One advantage of 
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Fig. 14 over Fig.13 will be the simulation with respect to resistance as well as capacity. 
Referring to Figs, 8 and 9 it will be seen 

that the only necessary equipment to enable 
the linemen to connect open wire lines and 
cables consists of short lengths of cable to 

The full section lengths 

As is well 

and, for this pur 

5 

be utilized as explained in connection with 
Figs. 13 and 14, and two sets of inductance 
coils of values respectively 0.86L and 0.36L 
where L is the inductance value of the nor 
mal coil on the loaded line. 
The fractional values herein disclosed for 

the junction coils and sections are approxi 
mations which may be conveniently ex 
pressed as five sixths and one third, that is 
the fractional coil in Fig. 8 and the frac 
tional section in Fig. 9 are each of about five 
sixths the normal values for respective coil 
and section on the loaded line, and similarly 
the fractional section in Fig. 8 and the frac 
tional coil in Fig. 9 are each of about one 
third the normal values on the loaded line. 

claim: 
1. In combination, in tandem, a smooth 

line and a lumped loaded line, the loaded 
line consisting of alternately recurrent ele 
ments of two kinds, namely, coils and con 
ductor sections, each coil beyond the coil 
nearest to the smooth line having a certain 
normal inductance value, and each conductor 
section beyond the section nearest to the 
Smooth line having a certain normal shunt 
capacity value, the element nearest the 
Smooth line having a value about one-third 
of the normal value for that kind of element, 
and the element next nearest the smooth line 
having a value about five-sixths the normal 
value for that kind of element. . . 

2. In combination, in tandem, a smooth 
line and a lumped loaded line, the loaded 
line consisting of alternately recurrent ele 
ments of two kinds, namely, coils and con 
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ductor sections, each coil beyond the coil . 
nearest to the smooth line having a certain 
normal inductance value, and each conductor 
section beyond the section nearest to the 
smooth line having a certain normal shunt 
capacity value, the element nearest the smooth line having a value about one-third 
of the normal value for that kind of element, and the element next nearest the smooth line 
having a value about five-sixths the normal 
value for that kind of element, the ratio of 
said normal inductance value to said normal 
shunt capacity value being the same as the 
ratio of the series inductance per unit length 
to the shunt capacity per unit length for the 
smooth line. - 3. A transmission line comprising, in se 
quence along its length, alternate coils of nor 
mal inductance value L and conductor sec 
tions of normal shunt capacity value C, next 
in sequence an element of one of these two 

105 
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15 

20 

kinds and of about five-sixths normal value. 
for that kind of element, next in sequence an element of the other kind of about one-third 125 
the normal value for that kind of element, . and next in sequence a smooth line with the 
ratio of its series inductance to its shunt ca- . 
pacity per unit.length equal to L/C. . 

4. A transmission line comprising, in se lso 
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quence along its length, alternate coils of nor hall inductance waiter, and conductor sec 
tions of normal shunt capacity value C, next 
in sequence an element of one of these two 
kinds and of about five-sixths, normal value for that kind of element, next in sequence an 
element of the other kind of about one-third 
the normal value for that kind of element, 
and next in sequence a smooth line with the 
ratio of its series inductance to its shunt ca pacity per unit length equal to L/C, the ratio 
of resistance to inductance for a unit length 
of the smooth line being equal to the corre 

. . sponding ratio for a full section length com 
prising one normal coil of the loaded line. 

5. A set of unit elements for the construc 
tion and connection of loaded lines and open 
wire lines, comprising an open wire line, full 
section lengths of cable conductor pairs, ad 

to ditional cable conductor pairs adjistable to 
fractional length, full value inductance coils 
and additional inductance coils of two values 
one substantially 0.86 of said full yalue and 
the other substantially 0.36 of said full value. 

6. In combination, in tandem, a smooth 
line and a dumped loaded line, the loaded line 
consisting of alternately recurrent elements 
of two kinds, namely, coils and conductor 
sections, each coil beyond the coil nearest to 

3o the smooth line having a certain normal in 
ductance value, and each conductor section 
beyond the section nearest to the smooth line 
having a certain normal shunt capacity value, 
the two elements nearest the smooth line hav 

as ing adjusted fractional values to equalize 
the impedance both ways along the composite 
line over the lower half of the frequency 
range of the loaded line. w 
In testimony whereof, I have signed my 

name to this specification this 21st day of 
June, 1928. 

BENJAMIN F. LEWIS. 


