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To all whom it mary concern:

Be it known that I. Eveeng FrRANZ ROEBER,
a subject of the Emperor of (Germany, resid-
Ing at Philadelphia, in the county of Philadel-
phia and State of Pennsylvania, have invented
a new and useful Improvement in Telegraph
and Telephone Transmission-Lines, of which
the following is a specification.

My invention relates to electrical - wave
transmission which is utilized in telegraph or
telephone service:; and it has for its object to

‘provide a transmission-line for such service

in which attenuations due to resistance and
regulated by capacity and inductance (but
usually stated as due to resistance and capac-
ity) are reduced to a minimum.

Another object which I accomplish in a very
perfect manner in my system is to avoid dis-
tortion or to reduce the same to a minimum.

I accomplish these objects by means of the
mechanism illustrated in the accompanying

Figure 1 is a diagram illustrating one form
of my invention. Fig. 2 is a diagram of a
modified form of the same, and Fig. 3 a dia-
gram of a transmission-line which is not pro-
vided with auxiliary apparatus. '

Similar characters refer to similar parts
throughout the several views.

A and B represent, respectively, a trans-
mitting and a receiving apparatus. A may,

tor example, represent a Morse telegraph-

sounder,and B a circuit-closing key, or A may
represent a telephone-transmitter,and B a tele-
phone-receiver. On the other hand, the SyS-
tem may be reversed, so as to make B the
transmitting device and A the receiving de-
VICe. _ -

The apparatus shown in Fig. 1 represents
a system comprising a number of transform-
ers, In which the ratio of transformation is
unity. The transmitting apparatus A is in
circuit with the primary coil 1 of the first trans-
tormer. The secondary coil 2 of this trans-
tormer is electrically connected by uniform
conductors C and ('’ to the primary coil 3.of
the second transformer. T'he'secondary coil

: 2 . ) N - . I
4 of this transformer is similarly connected

to the primary coil of the third transtormer.

18 similarly connected to the primary coil 7 of
the fourth transformer. The secondary coil
8 of the fourth transformer is connected to
the receiving apparatus B. Any other num-
ber of transformers may be used provided
they be so distributed in accordance with the
requirements which I shall hereinafter set
forth as to accomplish the desired purpose.

- In Fig. 2 is shown a system comprising a
number of inductance-coils distributed in se-
ries in each of two conductors connecting the
transmitting and receiving apparatus and a
number of inductance-coils shunted or con-
nected across between the two conductors at
intervals corresponding to the position of the
incductance-coils placed in series in the line.
T'he terminals of these shunt-coils are connect-
ed to the middle points of the series coils in
the manner shown in Fig. 2. so that one ter-
minal of the first shunt-coil 11 is connected
to the middle point of the f
10 of the transmitting-line and the other ter-
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rst series coil 9

minal of the shunt-coil 11 is connected to the

middle point of the corresponding or opposite
series coil 12 13 of the return-wire. Simi-
larly the remaining shunts are connected to
the middle points of sucecessive series coils in
the two lines throughout the system.

The object of the introduction of the induct-
ance-colls (shown in Fig. 2) and of the trans-
former-coils (shown in Fig. 1) is to increase
the inductance and simultaneously reduce the
resistance of the transmission-line.. Both of
these arrangements represent a non-uniform
or “'loaded” transmission-line, which is
equivalent to a uniform transmission- line
having a lower resistance and a higher in-
ductance - than the lines shown in Fig. 3,
which has the same capacity, resistance, and
inductance per unit length as the uniform
lines connecting the transformer - coils in
Fig. 1 and the uniform lines connecting the
series coils in Fig. 2.

I am aware that the inductance on long
lines has been increased by Inserting induct-
ance-coils in series, such as coils 9, 10, 14,
and 15, Fig. 2; but the introduction of such
series colls necessarily increases not only the
inductance, but the resistance. I am also
aware that the resistance of long-distance
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transmission-lines can be reduced by the 1n-
sertion of shunt inductance-coils of proper
resistance, and inductance at suitable inter-

vals along the line; but these shunt-coils can-
not be made to reduce the resistance alone,
but will always necessarily reduce the induct-
ance with the resistance.

In my improved system 1 accomplish the

simultaneous reduction of resistance in the
transmission-line and increase of inductance.
In order to accomplish this purpose, the 1n-
ductance-coils 9, 10, 11, 12, and 13 must have
proper values of resistance and self-induct-
ance, which can be found by mathematical
calculation and which must correspond to
the increase of inductance and the decrease
of resistance desired on the transmission-line.
The same must be true also of the character-
istic constants of the transformers shown 1in
Fig. 1. Toexplain these matters more clearly,
1 will give an outline of the mathematical
theory of the subject. The first principal dit-
ficulty of wave transmission over a long line
is that the wave arrives at the receiving end
with attenuated amplitude.
attenuation must therefore be the first aim ot
any improvement in line construction. The
second principal difficulty of wave transmis-
sion over a long line refers to the special case
of telephony or in general to any casc 1n

which a wave 1s transmitted which 1s not

simply a sine-wave of given frequency, but a
superposition (a sum) of a number of sine-
waves of different frequencies. The dith-
culty arising in such cases is generally called
““ distortion ?—i. e., the amplitudes of the dit-
ent waves are attenuated in different degrees.
The second aim of any improvement of line
construction for such cases must therefore
be to diminish distortion—or, in other words,
to effect attenuation of the amplitudes of the
different wavesto thesame degree. Thedegree
of attenuation is determined by the *" attenua-
tion constant” 4. which is defined as follows:
If the amplitude of the wave at the transmit-
ting end is unity, it is ¢~ at a distance s from
the transmitting end, where ¢ 1s the base of
Naperian logarithms.
line having a given resistance of R ohms per
mile, a given inductance of L henries per mile,

and a given capacity of C farads per mile the

attenuation constant /4 is given by the formula

_ 1 S |
h = \/§ » VP LP 4+ R — pt,]

where » equals 27N and N the frequency. It

I.-l » . & : - .
»"is large in comparison to R, this equation
becomes - B

_ R [C
h==—1

2V 1,

which shows that the attenuation can be di-
minished as well by an increase of the induct-
ance as by a decrease of the resistance. T'his

can be of course accomplished by using a

To dimish this |

It 1s known that for a

larger cross-section of the conductor, and thus
diminishing the resistance uniformly all along
the line,and, further, by increasing the induct-
ance uniformly all along the line with the
aid of special means, such as putting iron into
the cable, &c.; but with such 1mprovements
of the transmission-line, which are applied
continuously and uniformly all along the line
my invention has nothing to do, as my 1nven-
tion consists in obtaining the same results by
placing either series coils, together with shunt-
coils or transformers, at certain distances
along the line. In other words, I construct &
non-uniform line which has the same effect as
a uniform line improved by the means noticed
above. .

[ am aware that the effect of inductance-
coils distributed in series along the line at cer-
tain distances has before been recognized as
being equivalent under certain conditions to
o uniform continuous increase of inductance
all along the line. In other words, a non-uni-
form line with inductance-coils in series be-
haves, in connection with wave transmission,
exactly likean *‘ equivalent” uniform line hav-
ing a higher inductance per unitlength, which
is an advantage, but also having a greater re-
sistance per unit length, which is a disad-
vantage.

The essential point of my invention, which
represents progress over the prior art, 1s that
I have found a means of constructing a non-
aniform conductor having a smaller resist-
ance per unit length than the original uniform
conductor by means of suitable coils shunted
across the line at certain distances, and, fur-
ther, that I determined the exact requirements
for constructing a suitable conductor for wave
transmission having both series and shunt
coils placed at certain distances along the line
of the equivalent of this arrangement, sult-
able transformers placed at the same distances
along the line. I have published the mathe-
matical theory by which I reached these re-
sults in an articlein the Zlectrical World and
Fngincer, March 16, 23, 30, 1901. 1 have
tound the following résults for a transmission-
line having no coils inserted in series, but
coils shunted across the line at certain inter-
vals. TLet1 be the distance between the trans-
mitting and receiving end, hence 21 the total
length of conductor. This uniform original
line may have per unit length the resistance
R ohms per mile, the inductance Lihenries per
mile, the capacity C farads per mile. At
equal distances equal coils are shunted across
the line, each having the resistance Ro. ohms
and the inductance Lo henries. The number

ol

of these coils may be £, so that the whole con-

ductor is divided into 2% equal parts, each of
the length 1/%, which represents the distance
between two consecutive coils. Then 1f a
certain condition is fulfilled concerning this
distance. which will be discussed below, this
non-uniform line behaves for wave transmis-
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sion exactly like a uniform
unit length the resistance

__2_%3 LDR""LR[}‘

CZ _23-2 L{}B "I— R{}2

and the inductance

r_ 2%  p'LoL+R.R
p2 C/ p2 Lﬂz T Rlﬂz

where p equals 27 N and N the freq'uency.
L'his shows that the inductance has been de-
creased, which is a disadvantage, but that at

the same time the resistance can also be di-
minished, which is an advantage. For a

transmission - line having both series and
shunt coils inserted in the line at certain in-

tervals I have found the following result: Let |

1 be again the distance between the transmit-
ting and receiving ends, and hence 21 the total
length of the conductor. This uniform line
may have again per unit length the resist-
ance R ohms per mile, the inductance L henries
per mile, the capacity C farads per mile. At

equal distances 24 equal coils are inserted in

series, each consisting of two halves, each
half having the resistance R: ohms and induct-
ance L. henries. There are, furthermore, %
bridges across the line, each being a coil of
the resistance R. ohms and inductance L,
henries. Each of these bridges connects the
middle points of two opposite series coils.
This is the system diagrammatically shown in
Fig. 2. It is exactly equivalent to the trans.
former arrangement shown in Fig. 1 if the
characteristic values of the transformers have
the following relations to the values R, L
Ro Li: R:is equal to one-halt the internal re-

sistance of either the primary or the second- |

ary winding of each transformer. 1 is equal

~to one-half the internal true self-inductance

of etther the primary or the secondary winding
of each transformer. R, and L. are connect-
ect with the so-called “‘primary” admittance
of the transformer, which is defined as the
“ratio of the exciting-current to the primary
counter electromotive force.” Ifthis primary
admittance is go—+ 770, (in Steinmetz’s notation, )

there is

— Yo .
Ro = JE g

_ Do B
2 72' N (ﬂﬂz _I‘ Z)qg)

where N is the frequency. The complete ana-
Iytical proof that under these conditions the
arrangements of Kig. 1 and Fig. 2 are equiva-
lent is given, for instance, by C. P. Stein-
metz in his book Z%heory and Culewlation of

Lo

Alternating Current Fhenomena, third edi- |

tion, pages 204 t0 212. A graphical proof of
the equivalence of the two arrangements is to
be found in Section VII of my article men-
Now I have found that if a
certain condition is fulfilled concerning the

line having per |

3

distance of two consecutive groups of coils or
two consecutive transformers, respectively,
which condition will be discussed below, then
this non-uniform line (either in the form of
Fig. 2 or Fig. 1) behaves for wave transmis-
sion like a uniform line having per unit length

the resistance R’ and the inductance I, given
by the following equations:

, T
L _L+2L11 "R+ 7 Lo

and

BA2Ry — g

where » equals 27 N and N the frequency,
while F and G have the following values:

F=2(L+ Ll]f) (Ro Ri 4 p* Lio Lu,)

L9 (R - Rif) (Ro Lt — R: Lo,)

.2k
2 C 1

{ Rn(R—l—QRl]f) | QJQLU(L—l-QLI%) %

G =92 (LL L ii”f)(Ll Ro — Lo Ry.)

—9(R-+ R, %) (Ro R+ p* Lo L)

Ok
"1C

These equations form the complete solution
ot the problem and enable one to find by or-
dinary elementary algebra the characteristic
values of the uniform conductor, which is
equivalent to a non-uniform conductor dia-
grammatically shown in Fig. 1 and Fig. 2.
It is evident from these equations that it is
possible by properly choosing the wvalues
1
k’
mission of a sine-wave of given frequency N
the resistance per unit length of the line can be
diminished and the inductance per unit length

{ Lo (R +9‘RI%)-—RU(L+2LI%.) }

Loy, Ro, L, Rt to accomplish that for trans-

can be increased—in other words, that I can
be made larger than L and R’ smaller than R;

but I do not want to restrict my claims to this

| special case. I include in my claims the oen-

eral application of the above formulas and
rules for adjusting both the inductance 1. and
the resistance R’ in such a way that the atten-
nation is diminished, as was explained above.

I will now give the condition under which
a non-uniform line of the construction dia-
grammatically shown in Figs. 1 and 2is equiva-
lent to a uniform conductor having per unit
length the resistance R’ and the inductance L/ .
The distance between the transformers in Figo.
1 or the distance between the series coils in
Fig. 2 must be so small that the system be-

comes approximately equivalent to a unitform

line. This distance depends upon the degree
of approximation and the wave length of the
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transmitted siegnal on the corresponding uni-
torm conductor, (which is equivalent to the
non - uniform arrangement shown in IFigs. 1
and 2.) The degree of approximation of the
arrangement shown in Fig. 1 or Fig. 2 to a

uniform transmission-line is the same as the

deoree of approximation of the sine of half
the angular distance between two consecufive
series coils in Fig. 2 or two consecutlve trans-
formers in Fig. 1 to half the angular distance
itself. From the degree of approximation
wanted and the frequency of the waves to be
transmitted the angular distance can therefore
be determined. The angular distance between
two consecutive coils (or transtormers) is de-

fined by the term 2 7@ ﬁé, where ¢ 1s the dis-

W

tance between two consecutive coils (or trans-
formers) and w is the wave length on the
equivalent uniform conductor, both  and 2w
heing of course measured 1n the same untt of

length. The wave length is given by the
formula,
) 7T
W = |

\/ flz p¢ IV (L) + (R + p™]

or if »™ is large in comparison to R' by the
simpler formula

O

1 —

» V1) C

The foregoing rules and explanations give
all the information needed for calculating a
transmission-line over which a train of sine-
waves of a certain given frequency is to be
transmitted, as may be the case in a system
of telephony. The above formulas and rules
enable one to design a line for transmission
of sine-waves of a given frequency, so that
the attenuation of the amplitude of the wave
‘s diminished to a certain degree. W hile this
can be accomplished by the insertion of series

coils alone on account of the resulting increase
of inductance, vet this method has the disad-

vantage that the resistance is also increased.
This disadvantage can be avoided or lessened
to a certain desired degree by my system of
combining shunt-coils with the series coils, (or
by the equivalent system of transformers.)
The introduction of the shunt-coils is made to
counteract the increase of resistance due to
the series coils. In consequence of this the
wave length is increased,(over the value which
it would have with the seriescoilsalone without
the shunt-coils,) and in consequence of this 1t
is possible to place the coils (or transformers)
tarther apart, which is a very desirable result.
1f not simply a sine-wave of given {ire-
quency is to be transmitted, but a superposi-
tion (a sum) of several sine-waves of different
frequencies, as is the case in telephony, then,

[T PO P T CELE R M T .. - =t
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as explained above, it is necessary to take
care that there is no distortion. All different
sine-waves are to be attenuated practically to
the same degree. The above formulas and
rules enable one to find whether this condi-
tion is fulfilled. It is fulfilled if the attenua-
tionisindependent of » toa degree determined
by the requirements of the practice and be-
tween the limits of the maximum and mini-
mum frequencies, which are important tor
the practice. One has therefore to choose
the values of Lo Ro Li Ry, so that when the
values of I/ and R are calculated by means of
my formulas and introduced into the formula
oiven above for the attenuation-constant h,
then the value of 4 must be practically inde-
pendent of the frequency—e. ¢., one has first

“to consider what are the two extreme limits

(the maximum and the minimum) of the fre-
quency important for the special case under
consideration. One has then to calculate L/
and R’ for these two frequencies, and there-
trom the attenuation-constant /4 for the same
two frequencies. This 4 must then be found
to have practically the same value for both
frequencies. - Practically” means that the
difference between the exact values of A for
hoth frequencies must be so small as 1s neces-
sary for the special problem under consiclera-
tion. If by suchacalculation it would be found
that this result has not been obtained, this
would show that the chosen values Lio Ro Ln R
are not the proper values. One has then to
choose other values and repeat the above cal-
culation, and one has to adjust those values
until the calculation as sketeched above gives
the result desired. '

To illustrate my method, I will now give a
numerical example. A transmission-line of
two hundred and seventy-five miles length 1s
oiven, which has per unit length a resistance
R =5 ohms per mile,an inductance L.=0 henry
per mile, and a capacity C=0.3X 107° farad
per mile. It is wanted to transmit over this
line a composite wave, being the sum of vari-
ous sine-waves of different frequencies. The
limits of the frequencies to be transmitted
may be one thousand periods per second as
maximum and four hundred periods per sec-
ond as minimum. The formula for the atten-
nation - constant A gives for the frequency
N=1,000—%.¢., p=6,300(roughly)2=0.069—
and for the frequency N=400—. ¢., p=2,500
(roughly) £=0.043. Hence if the amplitucle
of the wave at the transmitting end 1s unity
it is at the receiving end ¢ °****", or about
6% 10~° for the frequency one thousand, and
o700 o abont 77X 107° for the frequency
tour hundred. There istherefore very great
attenuation, together with distortion. 1t 1s
proposed to diminish both the attenuation and
the distortion by means of my method, so that
the amplitude at the receiving end is about 0.4
times the amplitude at the transmitting end
and that the amplitudes of the recelved waves
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at the receiving end are equal within ten
per cent. for the limits of the frequency one
thousand and four hundred. Now we have
¢ ""'=0.4, or 4=0.0038, (roughly,) and if p1.
1s large in comparison to R’

R /C

AT = (0.0033.
Hence Ry
T = 145.

The principal effect of the insertion of coils
(or transformers) according to my. method

must therefore be that the 'ra,tio ]% (which 1s

infinite for the original non-inductive conduc-
tor) is reduced to one hundred and forty-five.
For this we must evidently increase L., (which
is originally zero.) If wewould do this simply
by means of inductance-coils inserted in series
in the line, we would necessarily also increase
R, which is evidently a disadvantage for our
purpose. Moreover, even if we could make
thisincrease of Rnegligibly small. this method
would have the disadvantage that when we in-
crease the inductance to the desired degree
everything else isfixed, especially the distance
between the coils (which becomes the smaller
the more inductance we put into the line. )}
My method has the great practical advantage
that it is more general, that it gives more
liberty to the designer in the choice of the
colls, and that it is possible to fulfil one other
condition which may be wanted for practical
reasons. Kor instance, in our case we may
want that the coils (or transtormers) shall not
be nearer together than one mile. It may be
turther required that my non-uniform con-
ductor shall be equivalent to the corresponding
uniform conductor—say, within ten per cent.
According to the above rule the sine of half
the angular distance between two consecutive
coils (or transformers) must be equal to half
the angular distance itself within about this

degree of approximation. For this it is suffi-
' T

cient that half the angular distance is 7. e.,

that the distance between two consecutive coils
(or transformers) is one-half the wave length.
Hence, as that distance is to be not smaller
than a mile, the wave length for the oreatest
trequency (N = 1,000) must be not smaller
than four miles. The wave length is

O T
p VI

from which equation it follows that, for
N =1,000, L must be not larger than about

= 4,

0.2 henry per mile. From this, together with
the above equation |

(R')’
L!
it follows that R’ i‘5'. 4, roughly. I must now

= 145

o

choose such values of T, Ro Tu Ry that these
I assume L equals

conditions are fulfilled.
0.1 henry; Riequals 0.2 ohm; Lo equals four

henries; Ro equals eight ohms. F urther, we

1

7= L. Then my formulas give for

N=1,000: L'=0.1966, R'=5.450, £.=10.00337,
e "™ =10.396. For N = 400 my formulas
give: I/ =0.152, R’ = 4.327, A = 0.00304.
¢ "™ =0.433. Tt will thus be seen that the
amplitude of the wave at the receiving end is
about 0.4 times the amplitude at the trans-
mitting end. 39.6 and 43.3 per cent. ar-

have

rive at the receiving end for the frequencies

N=1,000 and N=400, respectively. The dif-
terence 3.7 between 43.3 and 39.6 is less than

ten percent. of 39.6. The conditions of the

problem are therefore fulfilled. T call atten-
tion to the fact that Ro can be chosen consider-
ably larger than eight without materially al-
tering the result. This is of advantage for the
practice, because coils which are to have a cer-
tain amount of self-inductance are easier to
construct and of smaller size the higher their
resistance. For the construction of coils
which shall have a certain resistance and a
certain 1nductance the ordinary well-known
formulas of the text-books are to be used.
(Concerning formulas for the inductance see,
tfor instance, Grawinkel and Strecker, il -
buch der Elektrotechnik, (1900,) page T1.)

I claim as my invention—-

l. In a system of electric-wave transmis-
sion, a wave-conductor comprising a substan-
tially uniform line having sources of positive
reactance and of negative resistance inserted
at Intervals along the line, and producing a
smaller attenuation of the transmitted waves
than the line without these sources, substan-
tially as set forth. |

2. In a system of electric-wave transmis-
sion, a wave-conductor comprising a substan-
tially uniform line having sources of positive
reactance and of negative resistance inserted
at substantially equal intervals along the line,
and producing a smaller attenuation of the

transmitted waves than the line without these .

sources, substantially as set forth.

3. In a system of electric-wave transmis-
sion, a wave-conductor comprising a substan-
tially uniform line having inductance-coils in
series and in shunt inserted at intervals alony
the line, the series coils raising the inductance
of the line and the shunt-coils counteracting
the increase of resistance due to the series
coils, substantially as set forth.

4. In a system of electric-wave transmis-

- s1on, a wave-conductor comprising a substan-

tially uniform line having inductance-coilsin
series and in shunt inserted at substantially

equal intervals along the line, the series coils

raising the inductance of the line and the
shunt-coils counteracting the increase of re-

sistance due to the series colls, substantially
as set forth. ~
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5. In a system of electric-wave transmis-

sion, a wave-conductor comprising a substan- |

tially uniform line having transformers 1N-
serted at intervals along the line, the true seli-
nductance of the transformer-coils raising the
inductance ot the line and the primary admit-
tance of the transformers counteracting the
‘nerease of resistance, substantially as set
forth. |

6. In a system of electric-wave transmis-
sion, a wave-conductor comprising a substan-
tially uniform line having transformers 1n-
serted at substantially equal intervals along
the line, the true self-inductance of the trans-
former-coils raising the inductance of the line
and the primary admittance of the transtorm-

ors counteractine the increase of resistance,

~ substantially as set forth.

20
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7 In a system of telephony, the combina-

tion of a transmittine and a recelving 1nstru-
ment and a wave-conductor comprising a sub-
stantially uniform line, having sources of
positive reactance and of negative resistance
nserted at intervals along the line, and pro-
ducing a smaller attenuation and a smaller
distortion of the transmitted waves than the
line without these sources, substantially as set
forth. -
3. In a system of telephony, the combina-
tion of a transmitting and a receiving instru-
ment and a wave-conductor, comprising a sub-
stantially uniform line, having sources of
positive reactance and of negative resistance
inserted at substantially equal intervals along
the line, and producing a smaller attenuation
and a smaller distortion of the transmitted
waves than the line without these sources,
substantially as set forth.

9. In a system of telephony, the combina-
tion of a transmitting and a receiving 1nstru-
ment and a wave-conductor, comprising a sub-
stantially uniform line, having inductance-

779,443

' coils in series and in shunt inserted at inter-

vals along the line, the series coils raising the
inductance of the line and the shunt-coils
counteractine the increase of resistance due to
the series coils, substantially as set forth.
10. In a system of telephony, the combina-

- tion of a transmitting and a receiving instru-

ment and a wave-conductor, comprising a sub-
stantially uniform line having inductance-
coils in series and in shunt inserted at sub-
stantially equal intervals along the line, the
series coils raising the inductance of the line
and the shunt-coils counteracting the increase
of resistance due to the series colls, substan-
tially as set forth. - |

11. In a system of telephony, the combina-
tion of a transmitting and a receiving instru-
ment and a wave-conductor, comprising a sib-
stantially uniform line having transformers
inserted at intervals along the line, the true
self-inductance of the transformer-coils rais-
ing the inductance of the line and the primary
admittance of the transformers counteracting
the increase of resistance, substantially as set
forth. _ '

12. In asystem of telephony, the combina-
tion of a transmitting and a receiving 1nstru-
ment and a wave-conductor, comprising a sub-
stantially uniform line, having transtormers
inserted at substantially equal intervalsalong
the line, the true self-inductance of the trans-
tormer-coils raising the inductance of the line
and the primary admittance of the transform-
ers counteracting the increase of resistance,
substantially as set forth.

In testimony whereof I havesigned my name
to this specification in the presence of two sub-
seribing witnesses,

FUGENE FRANZ ROLEBLER.

Witnesses:

J. HowARD LONGACRE,
THOMAS B, SMITH,
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