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This invention relates to loaded lines for 
the transmission of telephonic currents and 
the like. The object of the invention is to 
provide a system of loading applicable espe 
cially to ‘long lines which Will improve the 
quality of. transmission. - _ 
The Pupin-Campbell system of loadln'g, 

as originally conceived and hitherto prac 
ticed, has as a principal object the reduction 
of attenuation, thereby increasing the pos 
sible range of the telephonic transmission of 
speech. With the advent of the efficient tele 
phone repeater, mere reduction of the atten~ 

\ nation by loading ceased to have its former 
fundamental importance, while at the same 
time thepossible length of lines for tele 
phonic communication was much increased. 
These considerations made it necessary to 
give more serious attention to the quality of 
transmission and the received speech because 
in long lines various factors combine to im 
pair the quality. One of these factors which 
requires particular attention .is the transient 
distortion, a phenomenon that is, observable 
when all wavesare not transmit-ted over the 
line with ~equal velocities. _ 
The part played by the transient‘ distortion 

may be illustrated ‘by the consideration of a 
simple case in which a simple sinusoidal 
E. M. F. is suddenly impressed upon a loaded 
line. Although the impressed E. M. F. oscil 
lates at but one frequency yet its sudden ap 
plication corresponds to impressing upon the 
line a very large number of E. M. F’s. of close! 
1y spaced frequencies extending throughout 
the frequency spectrum, the summationof 
which represents the rapid growth of the am 
plitude of the principalwave. ‘ If all of‘ these 
waves, arrive together, at the distant end of. 
the line, the current in the receiving appara 
tus Willbe built up with substantially the 
same rapidity as was the amplitude of the 
impressed wave, but if some of the compo 
nents are delayed in transmission more than 
the others the building up ofrthe received 
current will proceed in a-quite different man 
ner. ' ‘ 

The rapidly varying amplitudes of speech 
waves produce eifects of a similar character 
and unless the proper precautions are taken 
the currents received at the distant end of a 
line may never build up to any thing remotely 
resembling ‘the formlof the impressed wave ~ 
in the'short interval during which ‘the latter‘ 

exists. The effect produces or may produce 
serious impairment in the quality and intelli 
glbility of the received speech even when the 
hue 1s so designed that the steady-state‘at 
tenuation of all currents Within the speech 
range is substantially constant and the sys 
tem, therefore, from the steady-state stand 
point substantially distortionless. 
The present invention proposes to over 

come this dii?culty by using instead of the 
lnductance coils of the Pupin-Campbell sys 
tem an improvedloading unit, the effective 
inductance of which is a variable quantity 
depending upon the frequency of the trans 
mitted waves and diminishing as the wave 
frequency increases. By virtue of its dimin 
ished inductance at the higher frequencies the 
propagation velocity of the line falls off less 
rapidly with increasing frequency than it 
does in an ordinary loaded line, and by prop 
erly proportioning the loading unit the 
velocity may be substantially equalized 
throughout a wide frequency range. 

Fig. 1 of the accompanying drawings rep 
resents a section of a line equipped with load 
ing units of the improved type; 

Fig. 2 shows a modi?ed typeof loading 
.unit_ which is equivalent to thoseof Fig. 1; 

Fig. 3 shows in- schematic form a network 
to which both types correspond; 
_ Fig. 4 is a simpli?ed schematic of a load 
lng section of the improved type. 

Fig. 5 illustrates graphically the velocity 
characteristics of lines loaded in accordance 
with the invention, and 7 

Figs. 6 and 7 represent'the application of 
the invention to the loading of phantom 
or duplex circuits. ‘ 
The transmission line of Fig. 1 comprises 

loading units 5, between which extend equal 
sections, 6, of unloaded line having uni 
formly distributed constants. The loading 
‘units consist of inductance coils 7, the induc 
tance of which is equally divided between the 
two sides of the line and two condensers 8 
of equal capacity connected diagonally be 
tween the line terminals 1-4 and 2—3 re-v 
spectively. The complete unit constitutes a 
bridge, or lattice, structure of the type, the 
general properties of which are described in 
an article on the Physical theory of the elec 
tric wave ?lter by G. A. Campbell published 
in the Bell System Technical Journal, vol 
ume 1, No. 2, November 1922. 
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The characteristics of wave propagation 
over a line of the type illustrated may be 
determined exactly by methods which are de 
scribed in part in the above noted publication 
and in part in a paper on the subject of 
Cissoidal oscillations by G. A. Campbell 
printed in the Transactions of the American 
Institute of Electrical Engineers, volume 
XXX, page 857. The general method of 
'the solution consists in resolving each com 
plete loading section, comprising one loading 
unit and a section of the non-loaded line, 
into a T or a 11' network of simple impedances; 

. These networks when Jomed in series con 
stitute a network equivalent to the whole line 
the propagation through which may be de 
termined by simple network formulae. Meth 
ods and formulae for effecting the trans 
formation of the loading section into its 
equivalent forms of network are given in the 
above noted paper on cissoidal oscillations, 
these including formulae for the transforma 
tion of a line with uniformly distributed 
constants to a network of three simple im 
pendances. Formulae for determining the 
wave propagation through the ladder struc 
ture equivalent to the actual line are given 
in the ?rst of the references mentioned above. 
In'the following analysis of the operation 
of the invention this method will be used, 
but, to simplify the solution, certain ap 
proximations will be made, these being of 
such a nature as will not materially affect the 
accuracy of the solution, particularly with 
respect to the velocity of propagation. 
Transformation of the lattice structure of 

the loading unit a into its ii type equivalent 
network results in the network shown in Fig. ' 
3,,which comprises two shunt condensers 13 
having ?xed capacities and two series in 
ductances 12, which have variable coefficients 
dependent upon the value of the frequency. 
The coe?icients of the impedance elements of 
the equivalent network are expressed in 
terms of the constants of the loading unit 
impedances by the following equations: 

in which R.,, La and Ce represent the total 
resistance and inductance of the two coils 12 
and the capacity of condensers 13 respec 
tively and in which the corresponding quan 
tities on the right hand side of the equations 
refer to the inductance coil 7 and the con 
densers 8 of the loading unit. The symbols 
7' and p in accordance with common pr_actice 
refer to the imaginary quantity 1/——1 and 
to the equivalent angular velocity 2ii><' fre 
quency, respectively. The terminals 1,- 2, 
3 and 4 of the equivalent circuit correspond 
to the similarly marked terminals of the 
loading unit. 
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That the two networks are equivalent may 
be readily checked by comparing their itera 
tive impedances as measured at the terminals 
1—2 and their propagation constants for the 
?ow of current from terminals 1——2 to ter- 70 
minals 3—4:. The ?rst of these quantities is, 
in the case of a symmetrical network, equal 
to the geometric mean of the short circuit 
and the open circuit impedances of the net-‘ 
work, the terms short circuit and open cir- 75 
cuit referring to the condition of the ter 
minals remote from those at which the im 
pedance is measured. The propagation con 
stant is, in a like case, equal to the square 
root of the ratio of the open circuit im- 80 
pedance to the short circuit impedance. 

If in Fig. 1 the network of Fig. 3 be substi 
tuted for the actual loading unit it will be 
seen that the condensers 13 are directly in 
shunt to the ends of the non-loaded section 
of the line. ' To simplify the further solution 
of the propagation characteristics it will be 
assumed that these capacities may be re 
garded as effective merely to increase the dis 
tributed capacity of the line, that-is, as though 
they also were uniformly distributed over the 
non-loaded section. The justi?cation of this 
assumption lies in the fact that the series im 
pedance of a single section of the line in prac 
tice seldom exceeds in value 10% of shunt ‘im 
pedance of the line capacity. The loaded 
line may thus be regarded as a uniform line 
of increased distributed capacity loaded by 
means of spaced inductance coils, the induct 
ance of which decreases as the frequency in 
creases in accordance with the variation ex 
pressed by Equation (1) above. A single 
section of the equivalent line is shown in Fig. 
4, the section being terminated at each end 
in the middle of a loading unit. The half 
coil 14 has an impedance 

1 1 . 

?zz =§(R¢+.7PL¢) both Re and Le being variable as expressed by 
Equation (1). The uniform line section 15 
is characterized by an iterative impedance 
Zke and a propagation constant ya for its full 
length, these quantities corresponding to the 
iterative impedance Z1I and the propagation 
constant yof the actual line section 6 of Fig. 
1, but modi?ed by the effect of the added 
capacity. 1 

To the equivalent line may be applied the 
equation for the propagation constant of a 
coil loaded line ?rst given by G. A. Camp 
bell in the Philosophical Magazine, volume 
5, 1903, page 313 et seq., namely 
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‘ Cosh P = cosh 'y,+ ?g‘ sinh 7. (4) 

- ~ In 

The propagation constant P is in ‘general a 
complex quantity, having a real component 
A which represents the attenuation and an 1; 
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imaginary component B which represents 
the phase change and is related to the time of 
propagation. Equation (4) gives the total 
propagation constant for a single loading 
section, since the quantities ya and Z6 are 
based on the loading section as the unit 
length of the transmission line. 
While Equation (4) is su?icient for the 

computation of the propagation constant it is 
more convenient to derive‘ therefrom sepa 
rate expressions for the attenuation and phase 
constants. In addition, since the ideal 
method of loading would consist in adding 
to each section of the line a uniformly dis 

' tributed inductance having a total value equal 
to that of the loading coil, and having no 
added capacity, it is of interest to express the 
propagation constants of the actual line in 
terms of the corresponding constants of the 
ideally loaded line. 7' 
Let the total resistance-of a non-loaded 

section of the actual line be denoted by R0 

Cosh P+1— 

and its total capacity by Co, the distributed 
inductance and leakance being assumed to be 
zero. The total capacityedded to‘each sec 
tion of line by the loading units is 20, the 
capacity of one of the condensers 8, being 

3 . 

25 

added at each end. Let the ratio of this‘ ' 
capacity to the line capacity be denoted by 1'. 
The constants Zke and ye of the non-loaded 
section of the equivalent line are expressed in 
terms of R and C by the following equations 

. Ra Zap/1W ‘51 
The expansions of cosh ‘ya and sinh ye in a 

power seriesand the substitutiontherein of 
the values for Zke and ye given by the fore 
going equations gives the following equation 
for cosh P, only those terms involving the 

40 

frequency in the second degree and lower be- ‘ 
ing retained 

To relate the propagation constant to the at 
tenuation and phase constants of the ideally 
loaded line having the same total inductance 
these quantities must ?rst be expressed in 
terms of the line constants. For a length of 
the uniformly loaded line equal to that of 
one section of the coal loaded line the atten 
uation and phase constants have the fol 
lowing values respectively 

Baum; <9) 
is ‘assumed that in the ideal system no re 

sistance is added by the addition of the in 
ductance. By means of Equations (8) and 
(9) Equation (7) may be transformed into 
the following: - 

in which is is the factor (1+1/2p2'L0) of 
Equation (1) which relates the e?fectiveline 
impedance of the lattice loading unit to the 
impedance of the inductance coil, and p is 
the ratio of the effective resistance R8 of the 
loading unit to resistance R0 of the line. 
This equation when the components of P are 
written down has the form 

the right hand side'lof which may by standard 
mathematical processes be expanded into two 
terms, one real and one imaginary thereby 
giving expressions for A and B separately. 

e) ' 

The separation of cosh ‘1(X+ jY) into its 
real and imaginary components is given in the 
aforementioned paper in the Philosophical 
Magazine. For small values of Y, which by 
comparison with Equation (10) correspond to 
small values of the propagation constant, the 
values of A and B are respectively 

Y 

41-:02 
~ “(mph/WT) 

A: 

(12) 

and 

‘sin-15¢ 1 Zr 
‘ Q 
2 

B X (13) 

The critical frequency of a coil loaded line 
is de?ned as the cut-off frequency of the struc 
ture having equal inductances and capacities 
but having no resistance in any of its 
branches. For a loaded line with the lattice 
type of loading units the critical frequency 
is equal to ' 

c1 
fc=m (14,) 
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which is the same as that for a line loaded in . 
the ordinary manner with coils of the same ' 
inductance. 120 
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The time required for a wave to traverse 
the loading section is given by the equation 

(15) 
When the quantities B and is are expressed 
in terms of the critical frequency by means 
of Equation (14), this equation for the prop 
agation time becomes 

, —— “up, u 

The time of propagation over a uniformly 
loaded line of length equal to one loading sec 
tion and having a total inductance L and 
capacity 00+2C' is equal to 

which in accordance with Equation (16) is 
also the time of propagation of a very low 
frequency wave over the lattice loading sec 
tion. The factor multiplying 

' in the right hand side of Equation (16) , there 
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fore expresses the ratio of the propagation 
time for a wave of any frequency lower than 
the critical frequency of the line to the limit 
ing time to in lines having various propor 
tions of added capacity. ‘ 
The three curves plotted in Fig. 5 show the 

values of this factor for the particular cases 
in which the ratio r is 0, .5, and .75, respec 
tively; it is evident that values of 1' between 
.5 and .75 result in a greatly increased uni 
formity of the propagation time over a sub 
stantial fraction of the range/below the criti 
cal frequency of the line. 
The attenuation of a line loaded in accord 

ance with the invention is increased by the 
addition of the loading unit capacities, the 
increase as indicated by Equation (12) being 
substantially proportional to the square root 
of the increased value of the total effective 
capacity. In most cases this may be offset 
by increasing the amount of gain in the re 
peaters inserted in the line, and in some cases 
the fact that a greater portion of the trans 
mission range of frequencies is available for 
high grade transmission permits a greater 
amount of inductance to be used thereby re 
ducing the critical frequency to a lower value, 
but at the same time reducing the attenuation. 

~ Instead of employing two equal capacities 
connected vdiagonally'between the line ter 
minals of the loading coil, the same results 
may be obtained by employing a single con 
denser of twice thecapacity connected be 
tween the middle points of each line winding 
of the loading coil. A loading unit of this 
type is shown in Fig. 2. The single condenser 

1,711,653 

9, which is connected to the mid-points 10 
and 11 of the line windings of the coil 16, has 
a capacity 2C or twice that of the condensers 
8 and the coil has an inductance equal to that 
of the coil 7. 
By the application of the methods of circuit 

transformation referred to in the foregoing 

70 

text it may be demonstrated that the loading ' 
unit of Fig. 2 is completely. equivalent ‘to 
those of Fig. 1 when the two halves into 
which each line winding is divided by the 
écondenser connection are perfectlv coupled. 
‘With a degree of coupling of about 90% 
which is generally exceeded in practice the 
equivalence of the two circuits is substantially 
complete the effect of the imperfect coupling 
being negligible within‘ the transmission 
range of the line. When the coupling is as 
low as 70% the effect of the leakage induc 
tance may be substantially compensated by 
.an increase in the capacity of the condensers 
that amounts only to 10%. The fact that one 
condenser only is required in the modi?ed 
form of loading unit results in a somewhat 
cheaper system of loading as compared with 
the system of Fig. 1. The balance necessary 
for duplex operation is also more easily se 
cured with the use of a single condenser. 
For these reasons the loading unit of Fig. 2 is 
the preferred type for most purposes. 
lattice type of Fig. 1, however, has an advan 
tage in that it may be applied to lines already 
loaded in the standard Pupin-Campbell man 
ner without it being necessary to make any 
modi?cation of the existing loading coils. 

Fig. 6 shows a complete loading unit for a 
duplex circuit, the velocity compensating 
condensersbeing added in accordance with 
the system of Fig. 2. Two ‘pairs of wires 
a-c and b—d each constitute the conductors 
of a side circuit, the phantom circuit being 
superimposed thereon, so that the phantom 
currents flow out over wires a and c in par 
allel and return on wires b and d. The phan 
tom circuit loading coil 17 is wound with 
paired wires connected respectively to the 
line pairs a——c andjb-——d so that inductance 
is added only to the phantom circuit. Each 
phantom winding is divided at its mid-point 
and led to the side circuit loading coils 18, 
the line windings of which include tap con 
nections at their mid-points A—C and B—D. 
The side circuit coils are wound to add in 
ductance to the side circuits and since the 
phantom‘ currents traverse both line wind 
ings in the same direction, the coils are non 
inductive with respect to these currents. The 
tap connections A—C and B—D correspond 
to the mid winding points not only of the 
side circuit coils but also of the phantom 
circuitfcoil. Four condensers, 19 are neces 
sary for the loading of the phantom circuit, 
these being so arranged that two condensers 
are connected between each wire and the two 
wires of the other pair, and being so propor 
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tioned that each contains one fourth of the 
total capacity to be added. These condensers 
serve also in part for the loading of the side 
circuits, being connected in a series-parallel 
system between the two line wires of each ’ 
pair. The capacity that they add to the side 
circuit, however, will not in general be su?i 
cient to secure the desired uniformity of 
velocity and condensers 20 are therefore 
added directl between the side circuit line 
windings to ring‘ the total capacity up to 
the desired amount. The points, A and C 
and also the points B and D being at equal 
potential with respect to the phantom cur 
rents it is evident that the additional con 
densers 20 are without effect upon the phan‘ 
tom circuit. The condenser network is shown 

. in simpli?ed form in Fig. 7, in which the ele‘ 
ments correspond to the similarly designated 
elements of Fig. 6. 

In the practical application of the inven 
tion it is not necessary that all loading units 
in a line be of the improved type. A substan 
tially equivalent gain with respect to uni 
formity of velocity may be had it only the al 
ternate units are of the improved type, the 
others being simple loading coils of the Pu 
pin-Campbell type. In this case the capacity 
added in the modified units should be in 
creased in the ratio 1.46 and the inductances 
should be increased in the ratio 1.37 as com 
pared with the values for a system in which 
all loading units are of the modi?ed type. 
Other distributions of the improved units 
throughout a system may also be used to se 
cure different degrees of velocity compensa 
tion. 
What is claimed is: 
1. In an inductively loaded transmission 

line, a plurality of uniformly spaced uniform 
loading units each comprising an inductance 
coil in series with the line and a capacity in 
shunt to the line, said capacity being connect 
ed to the midpoint of said inductance. 

2. In an inductively loaded transmissionv 
line having two line wires, a plurality of uni 
formly spaced uniform loading units each 
comprising an inductance coil having equal 
windings connected in series with said line 

5 

wires, and acapacity connected in shunt to 
said line wires between the midpoints of said 
windings. 

3. A two-‘wire transmission line compris 
ing a plurality of equal sections divided by in 
ductive loading unlts, said units comprising 
an inductance having equal windings in series 
with the Wires of said transmission line, and a 
capacity effectively connected between the 
midpoints of said windings, said capacity 
havin a value between .4 and .8‘ of the total 
capacity between the wires of one of said sec 
tions. 

4:. A wave transmission system comprising 
a transmission line and uniform loading units 
included therein at substantially uniform in 
tervals, said units comprising combinations 
of series inductance elements and shunt ca 
pacity elements proportioned and arranged 
substantially as described to make the wave 
propagation Velocity in the system substan 
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tially uniform for a wide range of frequen- ’ 
cles. 

5.,A signaling line comprising inductive 
coils for periodically loading said line accord 
ing to the Pupin system, and means included 
in said line at each loading point for com 
pensating the variation of wave velocity with 
frequency due to the periodic loading. _ 

6. A signaling line comprising inductive 
coils for periodically loading said line accord 
ing to the Pupin system, and supplementary 
impedance elements included in said line at 
each-loading point for compensating the va— 
riation of wave velocitydue to the periodic 
loading. / 

7. A signaling line comprising inductive 
coils for periodically loading said line accord 
ing to the Pupin system, and condensers in 
cluded in shunt to said line at each loading 
point for compensating the variation of wave 
velocity due to the periodic loading. 

8. A combination in accordance with claim 
7 in which the condensers are connected to 
the line at the mid points of the loading coil 
windings. _ 

In witnesswhereof, I hereunto subscribe 
my name this 13th day of August A. D., 1924. ' 

DONALD A. QUARLES. 
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