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Ott Loaded Lines in Telephonic 1 ransmission. :H3 

.1.Yitmte and Tltiocyanate.-Thcse salts were found to have 
an acceleratin<Y effect. 'Vith nitrate' the reaction was some­
what irregula;, and the gas evolved was found to contain 
nitric oxide. In the case of thiocyanate, hydrogen sulphide 
was produced in considerable quantity. The results, con• 
sequently, are of no ·mlue. 

Finally, two experiments were made, with acetic acid, and 
with a mixture of acetic acid and potassium chloride ; for 
according to the theory, presence of chloride should have an 
accelerating etfect. The acetic acid solution was that of 
maximum conductivity, and the potassium chloride solution 
was 3·9 molar. The action was verv ~low and the curves 
obtained were irregular .. In .30 hours 18 c.c. of hydrogPn, 
were evolved when acetic aCid alone was used, aml in the 
same time 22 c.c. of hydrogen with a mixture of 2 c.c. KUl 
and 60 c.c. of acetic acid. 

These experiments must be recYardcd as rough }Jrelimimiry 
observations, and we wish to rehnn to the subject at a later 
J.atc. 

Summary. 
l, Tho influence of chloride, bromide, nitrate, acetate, 

chlot·ate, and thiocyanate, in varying concentration, on 
an aluminium nnodl~ in sulphuric acid was investi~ated. 

2. A theory to explain the results wns brought forward and 
te~ted experimentally • 

.1. The essential peculiaritie's of an aluminium anotlP were 
reproduced by mean~ of a platinum anode and a film of 
aluminium hyd1·oxide. 

4. Some measurements were made to dt>termine the influence. 
of chloride and of bromide, on the reaction between 
aluminium and sulphuric acid. 

Chemical Laboratory, 
University or Edinburgh. 

October 1002. 

XXX. On Loaded Lines in Telephonic T1•ansmission. 
By GEORGE A. CA:MPDELL •• 

[PlateR V. & VI.] 

1'IIE, lo~ded line discussed in thi~ pap<>I: is n!1 <>lPetricul 
. Clrcmt of two long Jmrallel conductmg Wires havin(Y 

self-induct.ion ~oils inserte at regular intervals. An el~ 
mentary mathematical treatment adapted to engineering 

• Comnmuicnted by l'rof. Trowbridge. 
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314 Mr. G. A. CampbelLon Loaded 

applications will be given; a second paper. will present an 
engineering study and an account of expermwutal method;; 
and results. 

Vaschy*, Heavisidet, a?d otl~ers have ei~her s~ggest~d or 
un~uccessfully tested the msertton of !'elf-mductwn cmls ou 
actual lines. Heaviside stated in 1893 that there was "no 
direct evidence of the beneficial action of inductance brought 
in in this way," and no progres:~ was mad<' till1899, wlien 
the ~ubject was inwstifl'nted indepemlenth· bv Profes<sor 1\I.. 
I. Pupint and my8elf. 

0
lt has lwen shO\;n that the loaded 

line affords a practical method of improvin~ the transmission 
efficiency of long lines employed for telephonic, telegraphic~ 
or other electrical purpose:-;. 

An intere,.ting contribution to the gem•ral properties of 
this structure has been made by 1\Ir. Charles Godfrey§ in a 
paper on waYe propagation along a perio1lically loaded strin~ , 
and I am indebte1l to that article for equation (18) which . 
furnishes a complete solution of tho propagation. ' 

This study bas been made with speeial reference to tele­
phonic application:-, and I h:ne limited the mathematical 
treatment to the forceJ lmrmonic ~;teady state, as that fur­
nishes all the theoretical information which we are it} 
position to u~e in telephony, and }•radical applications 
generally, pro,-iJed only a I'Ufficient freqm•ncy range is con­
sidered. 'fhe range which it i~ nece~l'ary to com.idPr in . 
telephony migllt lJe determined by constructing a network 
which "ould transmit uniformly all frequencies between· 
certain limit~, anJ then experimentally determining the in­
terval which i:; ju~t sufficient to J•resern~ the full character 
of speech. Practical cable transmis:oion !'bows that :opeech· 
remains intelligible even when the !iUperior limit is compara­
th·ely low. Cnhle quality i~, however, not uesirnble, and for 
unimpaire1l articulation it appears from tho test:-~ which have 
been maJe that the limit lies well above two thousand cycles 
per ~econd. Efficient, clear transmission requires a low and 
constant attenuation, and constant Yelocity, thr01JO'hout the· 
telephonic frequency interval, an1l con~tant line i7npedance 
of negligible reactance is de~irahle. With an open wire line 
of hcavr copper wire (resistance n, inductance L, capacity 
C) this 1s approximately attained, the attenuation-coefficient, 

• La Lumiere Eleclrique, January 12, 1889. ' : i 
t Ele~trom11gnetic Theory, i. p. 44;) (1803). ·· 
t 'fr~tns. Am. :Math. Soc. p. 250, July 1000 ; Trans. Am. Inst. Elcc 

Eng: xvii. 1\Iay 1900. ' 
§ Phil. 1\fag. xvi. p. 300 (1808). 

•,JJ, a..C. 
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Lines in Telephonic Transmission. 315 

velocity, and line impedance being respectively-

a=~~v£: 
1 

v= '"/LC' 

k=· If V u· 
For a loaded line these formulre apply approximately and 

the problem taken up in this paper is the determination of 
the correction factors. This is direct ; the approximation o£ 
loaded to uniform line shows only indirectly the performance 
of the loaded line. 

I. 
A summary must be given of the -general transmission 

formulre upon uniform lines which will be required. An 
harmonic electromagnetic steady state is resolvable into a wave 
propagation with definite· velocity and attenuation, hut no dis­
tortion, throughout each uniform interval of the line, the 
wave suffering reflexion at points of non-uniformity. This 
is mathematically an exact and simple analysis of the steady 
state, but it conforms only approximately to the physical 
action. It neglects the difi'usion or distortion resulting from 
dissipation which is~ in the steady state, not in evidence, 
except indirectly, as a variation with the frequency of the 
velocity and attenuation. This variation of the velocity and 
attenuation furnishes sufficient measure of the distortiOn at 
the head of an advancing wave for most practical applica­
tions. Except for this head distortion .an harmonic steady 
state is established by pure wave propagation-the line 
presents a definite line impedance which determines the 
initial current at the impressed force; the electromagnetic 
wave originating at the impressod force travels with a de­
finite attenuation and a definite velocity along the line and 
divides upon reaching a point of non-uniformity into a re­
flected wave and a transmitted wave. Repeated reflexions 
establish the steady state. 

The equation of a simple current wave upon a uniform 
line is 

. Ee•Pt 
t= ye-Y~», (1) 

where the line impedance k, th~ propagation coefficient y, 
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316 :Mr. G. A. Campbell on Loaded 

the attenuation coefficient a, and the vP.locity of 1)ropagatiou 
t', are gh·en by 

(2) 

(3) 

where, if n, L, 0, S are the effective loop-line resistance, 
inductance, capacity, and leakage conductance at a frPquency 
p/2r., the series and !'hunt impedances are 

J 1=ll+Lpt, (4) 
J 2=(S+Op,)-1 ; • (5) 

consequently 
--====~======~~~~~~~ 

a= v'i.V (W+l}p2)(S2+01p2
) +i(RS-LUp2

) (6) 

(7) = ~V~(l + ~Tt) for large Land smallS. 

2a 
V-- Ult+LS (8) 

.For transmission from one construction of impedance k1 to 
a second of impedance k2 the current reflexion and trans­
mission coefficients are respecth·ely 

(9), 

(11)): 

If upot~ a line of length l with tPrminal sets of imped:mce;: 
J., Jr, at the sending and rtceh·ing ends, there is awim-'; 
preesed force Ee'"', the current at distance x from' 'the seuJin" .: 

t • ' ' ,l, ,. 'll·······h' se IS' ~, .... '":'·.~.~f.~ 
• Ee'"' e-')'Z + a,.eYz-2yl < • l. r ! . 

•= k+J, • 1-a,.a,e-~.Yr ' .\il), 
' ~ : :; : i 

where the reflexion coefficients aru . " •. , 

k-J. 
a,= k+J,' 

. . < ,') 

If the line attenuation is large and the f<:ending tmd·· re.:l 
ceiving sets are similar, tho receiving current is approxi-
mately' · · · 

. l~e•rt 4M, _ 1 • 
lr= ·2J- . (k+J1'e Y, • (12)'' . . . 
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Lines in Telephonic 1'1'Wtsmission. :317 

If terminal transformers are addeJ and the transfonuer 
impedances are J 1 for the set side winding, J2 for the line 
l'lide windi~g. and J12 between the two windings, then (12) 
becomes 

. · Ee'P11 4kJ. )( J12(k+J.) ) 2 -yt (l3) 
z,.= 2.J.\(k+J.? (k+J2)(Jl+J.)-JI:l2 e ' 

where the four factori! are, re:-:pectively, the value of the 
current for a circuit consisting of the two sets alone, the 
effect of terminal reflexion, the effect of _transformers, and 
the effect of transmission over the line. For transformers of 
high inductance, negligible resistance, and negligible magnetic 
leakage (13) become:'! . 

1
,, lpl 4k JJl J. 

. - .e 2 - ' ( 1'} ) z,.- tJ-. J 2 • e Y, • ~a 
• I lc .1_ +.T.) 

\ ,J2 

and the transformers are equivalent to a change in the line 
impedance from k to kJ1jJ2• 

'!'he impedance of a circuit con:o;isting of length l o£ uniform 
line (/s'YJ closed through an impedance J0 at the furthPr end 
is by formula (11) 

J =k 1-ae-:.~rt ( 
'1 +cte-l!Yl' 14) 

where a=(k-Jo)/(k+Jo) is the reflexion coefficient from 
line to terminal impedance. 

Diagram I. (Pl. V.) shows the value of the reflexion factor 
in equation (12). The factor im·olves the two impedances 
symmetrically, is a function of their ratio only, and become:'! 
unity if they are e~ual. Let the absolute value and anrrle of 
the impedance raho be ,., 0, and ot' the reflexion fae~r be 
e-b, ¢,then 

( 1) l " ,._ r sin 0 
¢= tan-'-----~-­

!,.'· 2+(r+ !)cos(}' 
• f ~ : .. r . . . 

(15) 

(16) 
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318 Mr. G. A. Campbell on Loaded 

and (12) may be written 

i = ----e-<b+al>cis- cp+- l , • Ee'Pt ( p ) 
.. 2J, t' 

(17) 

where the second and third factors are, respectively, the 
effective attenuation and the phase lag due to the line. As 
b can be negative, reflPxion may augment the receiving 
current, but in ~eneral the effect is a loss which may he 
comparable with the attenuation loss. Thus for kfJ,= 10, 
b=1·11, and the range of "easy commercial" telephonic 
transmission, which requires an effective attenuation co­
efficient of . 3·2 with pref'lent instruments, would be reduced 
1•11/3·2, or 35 per cent. 

By Diagram I. (Pl. V.} the transformer efficiency in equation 
(13a) is a maximum and completely offsets tho reflexion lo:-:s 
when J2/J1 = 1 kfJ, l.=1· .. It follows that, by introducing trans­
formers into a hue at every point of non-uniformity due to 
apparatus or a change in line construction, reflexion losses 
may be entirely eliminated and the effectiye attenuation made 
as small as or smaller than the real line attenuation. 

The effect of loading a line uniformly is shown by Diagram II. 
(Pl. V.), which gives the attenuation coefficient for lines having 
R=2, 0=1, and different values of L. Also the velocity, 
for with these .values of the constant:-~ the velocity and 
attenuation coefficiPnt nre numerically equal. 'Vith no in­
ductance the attenuation curve is a 1mrahola. Any increase 
in inductance reduces the attenuation and makes it more­
nearly uniform, and by a sufficient increase in the inductance 
the attenuation can be reduced to any desired value, but for' 
this 1t is essential that the leakage he null. 

The eflect of leakage i~ added in Diagram III. (1,1. V.), which • 
is pl(Jtted for K=1, L= 1, C= 1 + p., 8= 1-p., but gives thf' '~ .... 
attenuation coefficient and velocity curve~ £or any uniform"' 
line by a change in Fcales only. · 

II. 

An infinite loaded line will be con!'idercd first in order to 
treat propagation and tt>rminal conditions separately. 'Ve 
might follow in detail the repPated division of tl1e wave Ly 
reflexion at loads and the interference of the resulting wave. 
lets which mutually annul each other, with the exception o£ 
a group suffering reflexion and transmission in a certain ratio 
which gives rhe to a wave of small attenuation and negli­
uible distortion, although the individual wavelets may he 
:normously attenuatt:d and distorted by the length of their 
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Lines in Telepltonic Transmission. 319 

course back and forth upon the line. The following theorem 
will, however, lead directly to the solution and avoid the 
infinite summation. . 

Upon an infinite line of periodic recurrent structure a steady 
j01·ced lta1•monic disturbance falls off exponentially from one 
periodic interval to the ne:ct. The theorem is proven by th<> 
consideration that as the line is infinite, there are identical 
circuits beyond points separated by a periodic interval, and 
the relative effect upon the disturbance of advancing an in­
terval must be the same for all portions of the line. 

Consider a uniform line (k, ?') with loading coils A, B, &c .• 
at the i'nterval d of impedance Hd, or II per unit length of 

Fig. 1. 

A B 

x- -xe~d. 
'Y- -Ye-.fd 

------d------
line, and we will dcsiwmte by (K, r) the impedance of the 
loaded line at the middle of a load and the propagation coeffi­
cient of the loaded line: Then if X, Y are the direct and 
reflected current waves at the further side of the loading. 
coil (A), at the next coil (B) the direct and reflected waves 
aro Xe-Y 11, Y e+'Y" on the sending side, und Xe- r<~, Ye+ r<~ on 
the further side. At a coil the reflexion coefficient is 

k-(lid4-k) lid 
,k+lid+k· =--::lk+Hd' 

2/c und ·-----
2k+Hd 

is the transmission coPfficient ; the CfJuations of condition at 
B are therefore . 

Y "~" , Hd X - "~" U· y - r<~ 
e =- ik+-lid e + :lk+Hd e ' 

Xe-N=- _!ld- Ye-r"+ -~· Xe-'Ycl 
. . 2k+llcl 2k+lld . 

Eliminating X and .Y, we have 

h Hcl . 
cos (rd)=cosh 'Yd+ 2k smh 'Yd, • (1.8) 

which completely determines the propagation coefficierit of 
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320 ~Ir, G. A. CampLell 01' Loaded 

the loaded line, including the attenuation coefficient and 
velocity o£ propagation*. 

To determine the line impedance (K), observe that the 
impedance is periodic and apply formula (14) to the circuit, 
beuinnin<Y at the middle o£ one coil and extPnJin!! to the ... ... ._. 

mitldle of the next coil :-

k-· (~tl +K) 
2 -!lytl 1 ---- -- -- -- e 

- k Hd K 
r Htl +2 + 

h.=· :2 +k. (lid ~ 
k- - +K) 

:2 -2 d 1+ ------- e --; 
k Hd K 

+::! + ' 
or 

. /- lP f1--. - ----

K= V k'+ 4t___ +IIrlkcoth'Yd 

kv( lid "Yd)( lid "{d) = · 1+ -tanh - 1+ ---coth , 
:2k :2 . "}./.; 2 

. (19) 

whiGh completely determine8 the loaded line impedance at 
the middle o£ a load. The imJ>edance at any other point 
might be found by the same met 10d. 

~ubstituting the values of r and K given by (18) and 
(19) in equation (11) we have the formula for the current at 
any load, or substituting in (1~}, (1.3), {13a), or (17) we 
have the value o£ the receiving current, but the sub:stitution 
ean best be made after numerical values aro obtained. 

The method which has been employed in deducing {18) 

• }'or a simpler proof of equation (18), short circuit the loaded line at 
the . _iddle ofthe coil D and consider the ratio of the current at A to 
the current at D. .\s section A-B mar then be considered, either, (1) 
as a uniform line of constants k, 'Y• and length d, terminating in an im­
pedance Ild/2, or, (2) as a portion of a uniform line of constants K, r, 
nnd length d, terminating in a short circuit, two values for the ratio of 
the current at A to the current at D may be obtained, and tbe two 
equated give a relation between the two sets o( line constants. The two 
expressions are found on making the proper substitutions in (11) to b~ 
identically the right and left band members of e'luation (18). 

In this proof it is to be noticed that the loaded line is short-circuite(l 
at the middle of a. load in orJer that it shall act like a short-circuited 
unifonn line with the constants K, r; H the line is not shod-circuited 
at the middle of a load (or at the middle of a line section) a wave tra­
,·erses lln refleiion a line which is not throu~hout of tanifonn periodic 
structure. For the su$gestiou leading to thl~t proof I an1 indebted to 
Dr. A. E. Kennelly. (July 1002.) 
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Lines in Telephonic '11·ansmission. 321 

and (19) is quite general and has been applied to a variety 
of cases of interest, such as artificial lines with mutual 
induction between loads, S. P. Thompson's compensated cab!£>, 
and periodic lines of two or more diffet:ent intervals, but 
the~e constructions lie out~ide the scop<> of this paper. 

III. 
To give a prec:ise and comprehensive idea of the per­

formanc<' of the loaded line, formulre ( 1 8) and (19) must he 
reduced to diagrams giving the attenuation coefficient (A), 
velocity (V), and line impedance (K}. The diagrams can 
best be constructed for the correction factors a, '1}, "• defined 
by the equations:-

- H+U' ~- ,;--
A-«~" . ' ., v L+ll 

V=7J--=·-~ --~ 
v'(L+L')C' 

I y VL+L' \_=/C - ' u 

• (20) 

(21) 

(22) 

where H, L, O, U1, L', are the line resistance, inductance, 
and capacity, and tlw load resistance and inductance, all 
per unit of length. We can reduce the number o£ indP­
pendent variables from 7 to 4 by introducing in place of 
H, L, C, R', L', tl, p, the new variables w, o, p, X defined hy 

1 
w= 'l.p<l v'(L+L')U, . ' . . (23) 

. • (24} 

. . . 
(:W) 

:For a discu~sion of practical application:S WH may assume 
that there is no leakage, no line inductance, and that o is 
small. While leakage, on a heavily loaded line, seriously 
increases the attenuation, the effect of small leakage will he 
oiven with ~ufficient accuracy by the correction (7) for uni­
form lines. The practical effect of. distributing a small 
portion of the totalmductance along the line must he to make 
the line net a trifle more like a uniform line. Its genera 1 
effect as shown by Godfrey's re~mlts will he discussed later. 
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322 l\Ir. G. A. Camnbell on Loaded 

In c~ble circuits the inductance is quite negligible, and a 
moderately loaded open wire circuit would have several times 
more load than line inductance. o is the attenuation co­
efficient for a periodic interval, and will be small if the line 
is to be efficient. 

Sub:stituting (20) to (26) in (18) and (1!>), and expanding 

2w •""• (2n+1)(1+np)-2w2 (4fiw£)" ao+ ,] t=cosh- ~- ---- (~n+l)! -- ,l +p , (27) 

\}

. "~"' [2(2n+l)(2&l+2n,,lp-n)-4w4 -np(4n~-l)(pn-p+2)J(4 ~~~~')" 
~ ~ - 1+~ 

"=_o _______ - ---- -- ____ _(::!~±~)!______ -

" n=:» 1 (4 VW& )" 

4w .. : ~~~+1)! l+p . • . .. • (28) 

for. all values of the variables. As the scrie:' converge 
raptdly these formulre may be used for rreneral computation 
h.v noticing that h \ 

<:osh-1(.x + yt)= cosh-I V. (.ii_+ l) 2 + !12 
4- .V (.v-1 )2 _:f- .'1~ 
2 

+' cos-I ---~2x_-:--,---:----
v'(.v+l):z+y'l+ .V(•v--t>2+y2' 

In the limiting case o..!._ __ 0, the formulro become :-

wLl -

:l+3p-2w2 a=- ------ -
3(1+p) v'f-w2' 

"' '1- ~~n-lw' 

"= vi..:...w', 
[ Ad= 2 cosh -•w, 
\ 2w 

w71·. 77=- 1 • • • I '1T'_ 

. "=' \"6>'-1. . 

(29) 

(30) 

{31) 

(32) 

(33) 

(34) 

(35) 

These simple formulro, which furnish the practical information 
we require, are reduced to curves in diagrams IV., V., VI. 
(Pl. V.), which also give a few curves for o=O·l, to show the 
close approximation with which the (a, '1, ") curves for o=O 
will apply to any practical loaded line, for o would, perhaps, 
never approach 0·1 in actual lines, but have a value nearer 
0·01. 
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Lines in Telephonic Tmnsmission. 323 

Inspection of the diagram shows that at w = 1 the character 
of the propagation changes; that at this point reflexion, 
per se, introduces attenuation. 'Vith perfect conductivity 
(8=0) there is no attenuation below w=l, but there is 
attenuation above this value, and this is due, necessarily, to· 
reflexion. Below w= l the attenuation is proportional to the 
resistance so long as the resistance remains small, while above 
co= 1 the attenuation is almost independent of the resistances 
(or may even decrease with an in0real'e in resistance), but 
increases rapidly with the value of w. Consequent on this 
change in the character of the 11ropagation there is an 
accompanying change in the line impedance from pure 
resistance below w= 1 to pure reactance for higher values 
of w. The velocity curve also changes its direction and 
character abruptly at w= 1 ; there are two coils per actual 
wave-length for (a)= 1, i.e., the disturbance is in opposite 
phases at con,.;ecutive coil:s. The critical value w= L fur­
nishes the first essential condition for an efficient loaded 
line, viz.:-

(36) 

i. e., there must he more than two coil:' per actual wave­
length, or approximately, ?r coils per wave-length with the 
load uniformly distributed. This has long been known for 
loaded strings* .. 

I have made use of these results by employing artificial 
loaded lines for cutting out harmonics in generator currents. 
The harmonics may all be-cut down as far as desired by the 
use of a sufficient number of sections, while the attenuation 
of the fundamental can be reduced at pleasure by decreasing 
tho resistance. The line does not require tuning, and with a 
small value of p the action would he quite independent of th~ 
frequency throughout a considerable range. The curws for 
p=a correspond to the mse of an artificial line. Combinin(J' 

·condensers and inJuctances, we may make a system which 
will not only cut out higher frequencies, but also all frequencies 
below a certain limit, as suggested at the beginning of this 
article. This system will be an inversion of a model of 

, J. II. Vincent's t. 
The velocity and impedance are approximately independent 

of the resistances. The attenuation below w = 1 is not only 
approximately proportional to the total resistance, but the 
curYes also show that the attenuation is reduced by trans-

• !tout~, Advanced ~~17id Dynamics, p. 200, § 411 ; Uuyleigh, Theo1·y 
of Sound, 1., § 148, pp .... 3.J, 23.J, 

t Phil. 1\Ing. xhi. p. :)!)7 (18!:l8). 
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32-1 :Mr. G. A. CamplJl•ll on Loaded 

ferrinfl' resistance from the coil to the line, and that the 
lomleJline attenuation ma~· be les~ than that for a unif~rm 
line of the same total res1,otance, mduc~nncc, .and capaCI.ty. 
Inspection of the formulro.shows that tlus npphes ~o any lme 
of hi1rh induchmce for wlnch · 

0 

p<l, 
v3(1-:~J> ){t + p) w< - -- -- , 

't 

and that the maximum reduction i:-0 for 

p=O, 
1 

w= ~2, 

a=~v2, 

when it amounts to 5·7 pt•r cent. 

IV. 
To determine the loading for maximum efficiency, the total 

weight of copper in cable and load being givt>n, we may make 
use of the following formulro for the weights of loading coih 
and cable conductor~ per unit h.·n~h of line, the formulre 
awlying to coils of t!imilar proportions and- cables of similar 
cross-section:-

(L'); dfW =ttl It' , (37) 

(1-/)W = l~U . . . . (38) 

whero W is the total w'eight of copper per unit len1rth ; w, to' 
are constants made a minimum by ~;uitablo proportions of 
coih and cable8, respectively ; d i:o~ tl~e f!ptcing of the coils ; 
anti f is the l'roportion of the total CO!JJler in the coils. 'V e 
will assume that the line is to be of lngh efficiency so that 
formulro (30), (31), (32) nwly, and suitable terminal 
apparatu·s or terminal transformers will ho employed to 
practically annul terminal reflexion. The problem reducps 
to securing minimum attenuation at the frequf:'ncy of trans­
mi~sion: Takin~ tl1e J,roduct of equat_ions indicated by (20), 
(23)l, (30}, (37~t, (38 )t, and subsbtutmg It'= pit, we obtain 
for the attenuation 

..:. 3+op-2Cc>'l to'l1c!pl 
A- G·21Cc>lpljl(l /)1(1-c.i")l' -W't- • • (3U) 
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Lines in Telephonic TransmiRsion. 

which takes its minimum value 

for 

and therefore :-

A= 1•639(w'2w0p 2"r_7)i 

f=if=·2857, . 
p=t=·-!286, 
c.>= v'Jf =·6547' 

325 

(40) 

For a given total weight of coppe1• in caUe and load tlte 
attenuatio;l of a given fr;quency is made a minimum by placing 
2/7 of t!te copper in coils hat·ing a 1•esistance equal to 3/7 of 
the line resistance and spacing tltem 7r V7/3 =4·80 per uniform 
line wat·e-length, i.e., 7r/sin-1 V3/7=4·401 per actual wave­
length on tlte loaded line. These proportions make 

a= 1•0;)8, 

'I]= •9171, 

(

1012\Y)Jr 
d= 2•02tl ''ati ' wp 

L' ~ . wa ):1. -=O·G9a(- -- 2 , 
U p 2ww' 

K=0·488(- 2(~
3 

~,,.)t- . 
w 'P 

6 12 2 16 I 

Wl=1·759(w w p £ )~ . •. (Al)" 

(41) 

(42) 

(43) 

(·14) 

The last formula, giving tho total weight of copper in a 
line of length l and attenuation e-Az, shows the relative im­
portance of the different factors. The weight increases as 
the 2·14 power of the range. Open wire circuits also increase 
in weight somewhat faster than the square of the length, but 
cable weights vary as the cube of the range. Loading, there­
fore, presents the greatest possibilities upon long cable 
circuits. The weight is evidently comparatively independent 
of the frequency. 'I he attenuation coefficient comes in 
approximately inversely as the first power. Of the two 
specific weights w, that for the cable is far more important 
than that for the coils tv. Thus the total weight 'Vl will be 
doubled by changing w to 2·G4 w, or uJ to 11•3 ul. T~is 
shows the comparative importance of the coil weight. 

ln practical engineering, costs must be substituted for 
theoretical copper weights, (37) (38) being replaced by the 

P !til .. Mag. S. 6. Vol. 5. No. 27 . . MareT, 1903. Z 
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)lr. G. A. Campbell on Loaded 

actual· relation between rrross costs ami effective time con­
stants at telephonic freq~en~ies, a"?d a var~ety of p~actical 
requirements are involved winch w1ll mater1ally mod•fy the 
above rt>:mlts. In. spe~ial cases it ~ay be necessary to connec~ a 
loaded line of h1(Jh 1mpeuance directly to an unloaJeJ hne 
or terminal appa;;_tus designed for present lines. Diagram I. 
(Pl. V.) will give the retle~ion loss and reduction in range. 
From the formul::e alreauy Jeduced, the proportions may bt> 
determineu for maximum efficiency with a given total weight 
of copper and given terminal conuition:>. 

EXPERlllrENT AL 'VonK. 

In .Januarv 18~9, I was assigned the problem of investi­
rratinrr the l;os:oihilities of improving the efficiency of cables 
for telephonic service. After considering some other methods 
I conclmleJ that the loaded lino prcsenteu the greatest pro­
mise, and, a:-: I felt that more progress would be made by 
experimental tests than by mathematical work, I immediately 
planned to ha,·e made an artificial line with 100 loading coils 
on a twenty-mile cable _circuit. Before this line was com­
pleted, becoming more confident of the success of loading, 
an experiment on an actual cable was pl:tnncd, ami for these 
tests three reels of 100-pair telephone cable, commonly known 
as '' Conference Standard'' cable, were brought to the labo­
ratory. Each reel contained about GOO feet of cable, so that 
the entire circuit, when connected hack and forth, formed a 
metallic cable pair thirty-five miles in length, with a resistance 
of' uho?t 87 ohms per mile and a mutual capacity of about 
·057 microfarad per mile. For a laboratory tf'st a circuit 
thirty-five miles in length could not he stretched out to its 
full length, and we actually used tho cable on tlu~ reels with 
the circuit looped back and forth, fifty times through the 
firt'it cable, then into tho second and third cables. The equ_i­
,·alence Of a looped circuit of this kind to a :;trai(l'ht-away 
circuit had been shown, provided the circuit was bahmced as 
all telephone circuits must be balanced in order to eliminate 
cross talk and noise. This point was also carefully tested 
Juring the investigation. , · 

For the loading of this cahle 300 coils were manufactured. 
A cross-sP.ction of this loading coil, known as the T-14 
coil, is shown in fig. 2. On a wooden spool a primary of 
578 turns of ~o. 20 single cotton-covereil wire was wound, 
and a secondary o£ 465 turns of No. 20 single cotton-covered 
wire. The turns were so chosen a11 to give the primary and 
secondary the same inductance, and they also had approxi­
mately ti.e same resistance. The cable circuit, as h:ts been . . 
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Lines in Telephonic Transmission. :l27 

explained, 'consisted of 300 lengths connected in ·series. 
Between each length and the succeeding length a T-14 coil 
wa,.; inserted, the primar.v in one wire o£ the pair and the 
:;econdary in the other wire of the pair, the connexions hPing 

F'g.2. 

~~·l_llllll 
I L~~·-' r~~~.~i".~~~~~~::;c.c.:::;c.c.:;.c,a._3_i"...t:::.:::i~~~~~~"""'"""''""'""~ 

:---------- ---------6 ·d.a. 
so made as to put the coil into the cable inductively. Each 
coil adJed about ·11 henry and 12 ohms to the circuit. To 
ensure the reliability of the test it wa!'l nece~:-:ary to so place 
the loading coils that the mutual induction shoulU be negli-
gible. Accordin~ly thAy were !ilpre.ad over all the space 
available, and te .. t.; showed that any effect of mutual induction 
between coil~ was quite ne~ligible. 

The experimental line 1:-~ shown in the photograph on 
Plate VI. The three reel..: of cable are all vi:;ible; one is in 
plain sight, another ill at the extreme left, and the third can be 
distinguished at some uistance to the ri~ht. The reel at the 
extreme right had no connexion with this experiment. The 
cable8 were Lrou~ht out to pot-heads, and each wire termi­
nated in a screw.cup. In thi:c~ way any combination of con­
nexions could be made. Two of the pot-heads of the middle 
reel of cable are in plain sight in the phot •graph. The coils 
were placed upon shelvo11-being placed hnrizontall,v and on 
edge on alternate shelves. 'Vith this arrangement there was 
practically no mutual induction except bct"'een one coil and 
the adjacent coil, or two on either side. The four coil ter­
minals were carried underneath the sht>lf to a distributing 
board between the pot-head:.;, and this enabled us to connect 
in tho c·,il:> in any desired manner. 

An artificial section was also made and load<'td with 100 
T-1! coih, and t.bis is seen in the right-haJH.l half of the 
'}lhotograph. The coils upon the shelves arc plainly visible. 

Z2 
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328 ~Ir. G. A. Campbell on Loaded 

The artificial cable which consisted of mica condensers allll 
' . I German-silver resistances, does not show conspicuous y. 

One of the transmitting stations is shown at t~e left of tht> 
photograph. The receiving station is shown. m th£> second 
photograph. At this station there wen· switches an.d :m 
artificial cable, in addition to the telephone set. The arbficutl 
cable, known as the ''cable standard," <"onsisted of mica con­
densers and German-l'ilver resistances. The photograph (fig. 3) 

Fig. 3. 

shows the thirty boxes, each containin~ ten co_ndeuser:', and, 
somewhat indistinctly, tho German-silver wues. It also 
1'ihows a jack strip and two cords and plugs, by means of 
which any length of cable up to thirty miles, by steps of one 
mile, could be put in circuit. For lengths greater than thirty 
miles another artificial cable was added to this. 

The manner of making the teRt was as follows :-The cable 
was connected back and forth without the loading coils ami 
the artificial section was also connected up without the load­
ing coils, and then the whole of tlli!! circuit "as compan•d 
with the cable standard. It was found that the entire cable 
and artificial section were equivalent to forty-six miles of the 
cable standard, and short.er length~ were N}uivalcnt to cor­
responding lengths of the cable standard. N~>xt, tbe coil:; 
were introuuced into tho cable circuit and into the artificial 
sC'ction, making a cable circuit forty-six miles in length with 
four hundred equally spaced loading coils. The transmission 
was greatly improved and found equivalent to tlw tran'5-
mission oyer twenty-three miles of (1ahle standard, and in 
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Lines in 1'eleplwnic T1·ansmission. 32D 

addition the articulation was clearer nnd sharper. In addition 
to this the t<itle tone at the trmmnitting end was reduced so 
as to be hardly noticeable, so that the result of loading was 
to increase the receh·ing-end current while decreasing the 
sending-end current. Tests were made upon different lengths 
of the loaded cahle and the results of one set of tests are 
:::hown in the acc·ompanying diagram~ fig. 4 ). The re~mlts were 

Hg.4. 

,_ 
'+"' 

+, 
r-:--· 

10 I~ 40 

represented fairly well by a straight line which corresponds 
to the approximate formula ( 17). This line shows tJmt the 
initial lo,;s was cq uivalent to uine miles of standard cable, 
but on account of the g•·eatly r<'dnced attenuation, the lo::uled 
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:1:1u (}, l."mltrl /.inn ;, 1f.f,J•Iwui•· 1'ntt~6miuicm. 

line is l~t•tlc•r tlmn tlu• unlu:lllt'll lim• for ull t1i~tnnt'«'l' ~tt':&lt'r 
thnn fifiN•n mi)r!l. Ir tlu• litw tl'prr-t'lltit'Jt thr t•xpt•tinwntnl 
rt•l'ttltll l!i to l~t•J•nrnllrl tu itl'dl'. lowrtt'•luiaw milt·~ \\t•lul\C 
tlu• runt• for tt inc• with tc•rminnl trumfornwtll. nn1l for thi• 
l'llM' thr lon•lins: i!' I'IJOwn J.y thr «'XJ,..rinwnt to h«'ntl~· tN>hh• 
tht• tlillhlll('t' O\«'t whic·h trnn!'lllil'!'ion of n ~h·rn \·olumr ll' 
uhtninl'tl, nn1l It ndtmll~· Rt't'OinJ•Iil'lu·!' mort• thnn tlmt, for 
tlm fJ\Iulity i~ imptO\l'tl. Tlu• lt'~<l!l upon whida thi" dha~tnm 
i11 IJJil't'll \\ t•ro aunt I«' with lc•ll'phonit• trnn .. mi .... ion ntttl ••at 
''"limnlt'!l nt tlu• otllf•r c•tul of til(' titw naul nrr•, ot t•outl4•, mort• 
or )('l'!l fJttalitatin•. •itwo the tlilfc•rrnct• of t)U:alir~- prc•Hnb n 
11lanr\' t'!ltimnll'. At till' trummittins: t>ntl n Jl('t!lon tall .... inn 
l'lt-tll y, tnonotonou11 mnnnl'r, ntlll it ill nrn&IIJ:t•tl llO that till" 
Jl('tl'Oil li~lt·nin~ nt thl' otllt't f'lldc.-nn t~witda imtnntl,,· £rum 
tlw loatlc•cl linr. to tl ... nrW;dul cnhlt• l'lnndaru, nml rirf' rrr~tf. 
ntul niter tl:r lens:th o£ th«' t•ut,Je t~lnaulnrcl to !'('t'Urr nn t'C)Ual 
\·olumo uf trllll!'tnil'l'ion o\·t·r tl)(' two. Tl~e cclllJO:ttil'4m s..•·Mt• 
tl1e •oquhnlNJls of tl1t' two drcuit!! f•'t cnmmen·inl M't\ iC'\•• 
wh!cl& nn~wert•tl tilt' ~tll'l'ltiun~ wl1ich I hntl ht•fort' mt•. 

l·'or ll coltlJlll'lc.~ I'Cit>ntific iunl'ltis:ntion it il' tlf'l'irnlltt• to 
u•t• n t~inul'oitlnl currt•nt nntl mnkt' CJtmlitath-c men~ttn·nu•nt~. 
nntl \\r lm\e tnndt> l<Otllc trl't!4 in this wn\·. A J,trt-nt tlt·nl o£ 
t-!ll),.,•timt>ntnl \\ork lml' ht'l'll t.lone, hotl1 tipon this caMe ''itla 
the T.J.I ntul otl1f'r lonJin~ coil~ "·ith ditft•rNat M'Jllltnliclll.!' 
IM hH•t•n louJl', '' ith iroll•t•orrtl lonJin~ coilt~ nntl with ter­
auiflnl trun!'rore1't·r~. nl"'l with otlier r:&Llt•t~ nntl with l"mJ...-.1 
Pt·rinllinrtt- t>l•n·rnl lnnuln.J mile• in lt·u~tll, lJut thl" rt~Ult!'O 
nrt' iuc.-omt~lrh•, until nm not prepnn•tl to nttl'mpt n tli•t•ttuion 
of tlll'm nlJ•rr,..t>nt • 

. Any tlt'K·tit•tion of the t'lllt'rinwntnl work must includt• a 
din•tt!<l'ion of tl1e 1u·luul l't'tform:mce of loadin~ roil!' tm,ler 
}lt'ti(ltli<' ('llrrt•nlt~, '' Ia ida i!4 nn l'xlt'lttlcd suLjt'Ct. 1-·or tlae 
mnthemntk-nl \\ork it bull ken n~~umCtl tlmt tl&(' etlt'<'th·t,. 
indnctnn<-e tun} rel'i .. tance or the euil i~ till' !':till(' fur all 
frr•tneuci(•!l, \\'l1icla <-:nmol Lc as~mn...-.1 in t•xperinwutal 
work. 

for till• extrntlt>tl npcrinwntul work which l~:a" bt ... ·n 
tlutw. '"M<·h hu~ IK'l'll lnhoriou~ nnd mod Jmin~taking. I am 
itule!Jtc.J to lJ r. t:. II. (.:Q}{1itt.~~, '"1m has hall cl1.'1tg(' of alae 
t'l}~t•rimt•ntnl te;t• dt'!-<:riL..•t nlJOw. 

June 7, 1001. 
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