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This invention relates to rmulti-conductor 
cables andhas particular reference to ar 
rangements for lshielding certain of the conu 
ductors of such a cable from other conductors 
of the cable. ` 
In order to transmit currents of the same 

frequency in ̀ both directions within the same 
cable, and more particularly when the cur 
rents to be transmitted are carrier frequen 
cies, it is desirable that the conductors used 
for transmitting in one direction be shielded 
from those transmitting in the opposite direc 
tion. Accordingl . it is proposed to arrange 
the conductors o a cable in two concentric 
groups with a concentric shield, preferably of 
soft iron, between the two groups of con 
ductors. In such an arrangement of the cable 
those conductors within the shield may all be 
used for transmitting carrier frequencies in 
one direction while the return channels for 
transmission in the opposite direction will be 
applied to the conductors in the other con 
centric group. The shield has the effect of 
reducing so-called “near end” crosstalk since 
the weak attenuated currents coming in at a 
repeater point are in a compartment of the 
cable shielded from the large amplified cur 
rents entering the conductors in the other 
compartment of the cable. 

Preferably, the cable with the concentric 
shield is formed by arranging a grou of 
conductors into a cylindrical bundle, spiral 
ly wrapping a very wide and thin tape of soft 
iron or other suitable material upon the cylin 
drical bundle of wires, and then mounting an 
other group of wires, preferably equal in 
number, outside of the shielding tape in the 
form of a concentric cylindrical bundle upon 
which the outer shield of lead or other mate 
rial is applied in the usual manner. In wrap 
ping the tape the ribbon should be several 
times as wide as the pitch of the spiral in ac 
cordance with which the tape is wound, and 
the tape should be relatively thin so that sev 
eral layers of the shielding material overlap 
each other in such a way that the laminations 
approach a condition of parallelism with the 
surface of the shield. While various mate 
rials may be used iron, and particularly 
soft iron, are peferred because the product 

of the permeabilitv by the conductivity of the 
iron is large, thereby making its attenuating 
effect large, and furthermore, the ratio of the 
permeability of the iron to its conductivity 
is quite different from that of the copper or 
other conductive material used for the con 
ductors, with the result that the reflection 
losses t’hrough'the shield are large. 
The invention will now be more fully un 

derstood from the following description, 
when read in connection vwith the accompany 
ing drawing, Figure 1 of which is a; transverse 
cross-section showing the relative positions 
of the sheath, the intermediate shleld, and 
two groups of conductors (for simplicity 
only a few of the conductors are actually 
shown) ; Fig. 2 is a side view of the shield Y 
showing how it is spirally wrapped; and Fig. 
3 is a longitudinal section along the lines 
3_3 of Fig. 1, showing how the thin wide 
layers of the shield overlap each other. 
In order to design a proper shield for the 

purposes above set forth, and in order to give 
proper weight to the merits of di?erent types 
of shields, it is desirable to have available a 
quantitative theory to give at least the first 
ap roximation of the shielding effects. . 

n case vof low frequencies, the calcula 
tions of the shielding effects are simplified by 
the assumption that the currents in the shield 
distribute themselves uniformly and in phase. 
In the case of the higher carrier frequencies 
with which we are now concerned, this as 
sumption is no longer permissible unless the 
shields are very thin. It is necessary to rec 
ognize that the energy is propagated through 
the shield in the form of electromagnetic' 
waves which are propagated with a finite ve 
locity. The differential equations for such 
electromagnetic waves are known accurately 
but the labor of integrating them in their ac 
curate form is prohibitive. In the following 
discussion an approximate theory will be 
outlined which it is thought will be amply 
accurate for practical purposes. 
The cable to be considered herein is made 

up of. the usual cylindrical lead sheath with 
in which the _conductors are arranged in the 
usual fashion except that they are separated 
into two equal or substantially equal separate 
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concentric groups b means of a cylindrical i 
concentric shield. hen a signal is trans 
mitted over any circuit in this cable, it is per-_ 
missible to consider an electromagnetic field 
as spreading out from this circuit 1n the form 
of a wave motion.- This wave reaches other 
conductors and may induce currents and elec 
tromotive forces in other circuits unless they 
are perfectly balanced. The first of these 
circuits may be called the disturbing 
circuit and the other the disturbed. If 
the disturbing and disturbed circuits are 
on opposite sides of the shield, it is obvious 
that the disturbance is reduced dueto the at 
tenuation in the shield. 
The electromagnetic condition of a cable is 

given by specifying the electric and magnetic 
field both as to magnitude and direction at 
every point and at every instant. The prob 
lem will be greatly simplified by confining 
attention to one frequency component of 
these fields, that is to say, one of the com 
ponents obtained by making a Fourier analy 
sis of the fields over a sufficiently long time. 
It will be understood that this analysis is 
carried out at every point and relates to the 
directional components of the fields as well as 
to their magnitude. Having thus separated 
out one frequency component, the electric 
and magnetic vectors at any given point may 
have any one of several relations which will 
be discussed briefly in turn. 
In the following' discussion E is the elec 

tric, H is the magnetic field, C the current 
density, ,a the permeability, a the conductance 
and e is ratio of the electromagnetic unit of 
current to the electrostaticy unit of current, or 
conversel it is the ratio of the electrostatic 
unit of MF to the electromagnetic unit of 
EMF. These quantities are to be measured 
in electromagnetic units. 
The postulates stated below under a to f, 

inclusive, are not quantitatively exact unless 
further restrictions are imposed which would 
complicate the picture. 'I‘hese statements 
are not used in a quantitative sense in what 
follows, however. Their function is to fix a 
physical picture in the reader’s mind to per 
mit a better understanding of the subsequent 
discussions. 

a. Electric field in phase fwith and perpen 
dieular to the magnetic, and energies of two 
fields being egual. (E=cH). 
Under the assumed conditions of equality, 

‘ phase and direction of the fields, the total 
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energy of the fields is propagated in a third 
dirâction which is perpendicular to both 
fiel s. ' 

b. The fields iu phase and perpendicular to 
each other but unequal iu magnitude. 
E'ëcH 
It is convenient to begin with acase where 

one of the fields, say H, is zero. In that case 
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it is permissible to introduce two fictitious. 
magnetic fields equal in magnitude and op- l  
posite in direction, each of them being equal 
to 

E: E 70 

and to associate each one of these magnetic 
fields with one-half of the electric field. It is 
seen that the result is two energy trains trans 
mitted in opposite directions. In the case 

75 

Where H is equal to neither zero nor E/e, two ' ' 
energy trains may be deduced in similar man 
ner although they will not be equal. 

e. Fields iu phase and parallel 

In this case it is possible to introduce fic-` 
titious fields of both kinds in such a way as 
to obtain two pairs of fields such that H 
equals E/c for each pair. but having different e 
relative directions. IVe, therefore, have two 
energy trains traveling in opposite directions. 
d. The yields iu phase but inclined at au'ob 

lique angle to each other 
In this case again it is possible to introduce 

fictitious fields and to obtain two wave trains 
traveling in opposite directions which direc 
tions are perpendicular to those of the fields. 

e. Fields .90° out of phase 
In this case it is possible to treat each com 

ponent as if the other field were not present 
as indicated under l) above. In other words, 
each fields gives rise to two equal waves trav 
eling in opposite directions. 
f. Two ïîelds are out of phase by au angle 

other than .90° 

In this case it is possible to resolve either 
one of the fields into two components one of 
which is~ in phase with the other field and 
the other at right angles. This again gives 
rise to waves such as indicated under l: and e 
above. 
The possibilities a to f, inclusive, include 

all the possible relationships of electric and 
magnetic vectors with respect to phase and 
direction. It is seen that in all cases where 
two vectors coexist, the direction of propa~ 
gation is at right angles to the plane contain 
ing both of them. 
Coming now to the specific problem of 

shielding, it will be convenient to limit con 
sideration to those waves which travel at 
right angles to the shield, that is to say, to 
those waves whose magnetic and electric fields 
are both parallel to the surface of the shield. 
These waves travel either directly toward or 
directly away from the shield. If they travel 
toward the shield, they suffer partial reflec 
tion at the surface which will be more fully 
discussed below. The portion which is not 
reflected is propagated through the shield and 
as it emerges at the other end it again suffers 
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a partial reflection and the portion which is 
not reflected is transmitted into thev compart 
ment at the other side of the shield. The 
important thing’is how much ‘weaker the 
emerging beam is than the incident. The 
most important contributing factor is the at 
tenuation and this will be discussed first, the 
matter of reflection being referred'for the 
time being. 
l. Attenuation of perpendicular ’wave in a 

plane metallic conductor 
While the shield is actually cylindrical, it 

will be permissible to consider a plane shield 
of the same thickness, as the error involved is 
very small unless the inner diameter of the 
shield is small in comparison with the outer 
one.A It will be assumed that the shield is 
homogeneous and of uniform thickness. 
For the time being, it will also 'be assumed 

‘that the waves are plane, polarized and in 
finite in extent. Inside of the conductor com 
prising the .shield we are interested in two 
vectors in addition to the two fields, namely, 
the flux density B=,aH and the current dens 
ity C=UE. (The displacement current may 
be neglected in comparison with _the conduc 
tion current; in other words, the capacity of 
a cubic centimeter of the material may be neg 
lected in comparison with its conductance.) 
The manner in which the waves are propa- . 

gated inside of the shield is determined by 
two well-known physical laws: (1) the law 
that the cutting of magnetic lines of force 
produces an electric field; and (2) the law 
that a current produces a magnetic field. 
The mathematical expression for the first 

law in the form of a differential equation is, 
(where t represents time), 

«zB/¿Feuer (i) 
This equation represents the case where coin 
ponents of the field are propagated along 
three axes of a coordinate system. In the 
case we are considering of a plane wave plane 
polarized, this expression can be much simpli 
fied because the propagation is along a single 
axis. Let .abe the direction of propagation, 
m the direction of the electric field and _1/ the 
direction of the magnetic field. Then Equa 
tion (1) reduces to 

'l‘he subscripts y and m applied to B and E 
indicate the axes of the respective fields. 
The second law referred to above according 

to which current produces a magnetic field, is 
given by the expression ' 

41r0=curl H (2) 

which, in the case of the Wave We‘are consid 
ering, reduces to A 

Substituting the valuesl ,LH and «'rE‘for B 'and 
(l, respectively, in Equations-(1a) and (2a) . l 

If E?. is eliminated between these equations 
by differentiation of Equation (2li) with re 
spect to a and substituting, we have 

Likewise, eliminating Hy by differentiating 
Equation (1b) with respect to z andEqua 
tion (2b) with respect to t, We have 

The law of propagation of Hy expressed in 
(3) is the same-as the law of propagation of 
EX expressed in '  

It may be shown that Equation ( 3) is equiv 
alent to 

Hy :Mentre-P: (3a) 
where M is a constant, m is 211- times thefre 
quency and P, the propagation constant, is 
given by the expression 

fliíoin which it follows, if a and a are both real, 
t at ' " 

a and ß' being the attenuation constant and 
the wave constant, respectively. 

Similarly it may be shown that Equation 
(él) is equivalent to 

where N is also a constant and the other quan 
t(i3tie)s have the same values as in Equation 

a . - 

I_n evaluating the expression for the atten 
uation constant a as given in Equation (5a), 
it should be remembered that thi; quantities 
are in _electromagnetic units. For the per 
meability ,i the ordinary numerical value 
which makes the permeability of air unity 
may be used. For the conductivity a it is 
necessary to take the numerical value as ex 
pressed in mhos per cm3 (this means the con 
ductancen of a cube one centimeter each way) 
and multiply them by 10'”. With these values 
substituted, the attenuation will be given in 
nepers per cm. In order to express the atten 
uation_ in decibels (db.) per inch, the at 
tenuation constant obtained should be fur 
ther multiplied by 8.69, the ratio of the neper 
to the decibel, and by 2.54, the ratio of the 
inch to the centimeter. The result thus ob 
tained for copper is 3.3 1/ f db. per inch, where 

is expressed in cycles per second. For lead, 
the corresponding attenuation is approxi 
mately 
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In the case of iron, the computation iscom 
plicated by the fact that the permeability is 
not real, that is to say, there 1s a hysteresis 

' loop. It will be sufñcient, in order -to obtain' a 
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first approximation to the eñ'ect of hysteresis, 
to assume that the hysteresis loop is 1n the 
form of an ellipse, inclined to thevaxes in a 
similar manner to the hysteresis loop. Just 
as we say that the electrical admittance of a 
network having this kind of loop is a complex 
quantity R-ï-z'w, so weqnay say 1n the present 
case'that a=¢ _rf-a., whtire m and n, are posi 
tive real quantities.I Tlie quantity m is ob 
tained by dividing the value of B, corre 
sponding to the maximum value of H on the 
equivalent ellipse, by the maximum value of 
I-I; and a is obtained by dividing the value of 
B, corresponding to H==O, by the maximum 
value of H. It is clear from a comparison 
of the expression ;r=mz'n with Formula 
(5) that the eífect of hysteresis is to increase 
the attenuation a due to the component m of 
the permeability, and decrease the wave con 
stant ß dueto the effect of. the component n 
ofthe permeability; in other words, to in 
crease both the attenuation and the velocity. 
Assuming that??l may7 be neglected and that 

an iron is available having a conductivity 
one-sixth that of copper and a permeability 
of 600, the attenuation would be ten times 
that of copper or 331/îdb, per'inch. 

2. Oblique incidence 
IVe-are still dealing with a large plane 

shield, and a plane and plane polarized Wave, 
but the Wave is propagated in a direction 
which is not perpendicularl to the plane of the 
shield in the air. The direction of propaga 
tion within the shield is, however, substan 
tialiy perpendicular to the plane of the shield. 
Upon entering the shield, the direction of the 
Wave is altered; this follows from the fact 
that the velocity is very much less in the con 
ductor than in the air. In the case of a wave 
of frequency of 40 kc., the velocity in copper 
is 8.4 >< 103 cm. per second, whereas its velocity 
in air is 3><l010 cm. perr second. In other 
Words, the velocity in air is about 3.6Xl0ß 
times as great as in the metal. It will be 
obvious that a wave striking the metal even 
at a considerable angle to the normal will 
travel substantially parallel to the normal 
inside. the metal.4 For this reasony the at 
tenuation of the Wave is substantially the 
same regardless of whether the incidence of 
the wave is normal or oblique. . 

3. Cylindrical shield 

Here it is convenient to introduce the prin 
ciple known as Huygens’ construction. In 
accordance with this construction the wave 
at any interior point of the shield can be 
looked upon as the resultant of a large num 
ber of small waves. At each point of the sur 
face of the shield, we may consider that a 
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small -hemispherical wave is set up fand 
spreads equally in` all directions. When all 

, these spherical Wavelets are summed up at 
any interior point of a plane shield, values of 
Hy and Ex are’obtained which are equal to 
~those given in Equations (3a) and (4a). 
This method of construction will also enable 
us to estimate the effect of a cylindrical shield. 
If the waves are traveling outward through 

. the shield, _the spherical waves that reach the 
outer surface do not reinforce one another to 
the same extent that they would if the shield 
were plane. In other words, the wave travel 
ing outward is diminished slightly more than 
it would be in a plane shield. If the wave is 
traveling inward the opposite is true. This 
efl'ect,.howcver, which is an effect of spread 
ing ofthe energy in the case of outgoing 
waves and a concentration in the case of in 
coming waves, exists whether the shield is 
present or not, and since we are particularly 
interested in the increase in attenuation 
which the shields produce, it Will be permis 
sible to use the figure obtained for a plane 
shield. 

l. Reflection ¿n infinite space 
The space is assumed infinite in order to 

avoid consideration of multiple reflections 
which are bound to occur in any practical 
case. Moreover, both the wave and the shield 
are assumed to be plane and parallel to each 
other and the wave is plane polarized. 

First consider the case of the reflection 
phenomena accompanying the incidence of 
the wave on the metal. Let the electric field 
in the incident Wave be En. Likewise let the 
electric field in the reflected wave be E“ and 
in the transmitted Wave E,... Let Hyi, Hy, 
and Hyt be the corresponding magnetic fields. ` 
be the corresponding magnetic fields. These 
fields are continuous in going from one me 
dium to another and we have, therefore, 

From Equations (Qa) and (5) Wehave,desig 
nating the electric field within the conductor 
EN and the magnetic field within the con 
ductor H yt, 

The equations corresponding to (2a) and 

leading to the expressions 

E„,i=@H„.-, and (9a) 
E'I„„=-0H„r (10a) 

Substituting for the E’s in (6) the values 
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' 'ven in (s), (9.a) and (10a), Equation (e) 
Comes 

5 Solving the simultaneous Equations (6a) and 

10 

' Substituting 

15 

V20 

a5 
' equal to the/incident wave; Equation (11) 

30 
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(7) in terms o_f H „t and Hyr, respectively, we 
get , \ 

in (11) and (12) the expression 
for H’s in terms ofthe E’s given in (8), (9.a) 
and (10a) . 

¿faam/(c+,Mat/4mm (11a) 
To state the foregoing in words, since the 

term 
Vico y/41r a 

is small,Equations (12) and (12a) mean 
that the reflected wave is substantially 

indicates that the entering wave has substan 
tially twice the magnetic fields of the incident 
wave; and Equation (11a) shows that the 
entering wave has its electric field multi 
plied by the small factor 

Vico ,u/47ro'/6 (âlbOut) . 
In copper this fraction is about 4><10‘r at 
40 kc. 
These are the relations for the wave enter 

ing the conductor. On leaving the conductor 
there is a similar reflection phenomenon. It 
will be seen that the expression for the re 
flected and transmitted wave are obtained 
from (11), (11a) , (12) and (12a) by inter 
changing the tivo quantities 0 an " 

#im p/‘lvr U . 

In particular it will be seen that the electric 
field is multiplied by 2 and the magnetic 
field by 4X10‘7. The net result of the two 
reflections is to multiply both the electric 
and the magnetic fields by 8X10”, which 
corresponds to a reflection loss of about 120 
db. for the combined effect of entering and 

' leaving a copper shield. 

5. Multiplz'cz'ty of suf/’faces 
From the result just obtained it would at 

first appear that reflections play an import 
ant part in reducing the intensity of the wave. 
It might even be thought that the artificial 
production of reflections obtained by separat 
ing successive shields by an air space would 
be beneficial. This, however, is not the case. 

Consider the situation Where two shields 
are separated by a distance ofone cm. The 
wave strikes the first shield and is in large 

’ measure reflected and in part transmitted. 

The transmitted wave penetrates the shield 
' with attenuation and at the opposite surface 
of the shield is in part reflected and in art 
transmitted into the air space. 'Iïheire> ect 
ed wave travels very slowly back through 
the metal and may be left for the moment 
while we follow the wave which is trans 
mitted. Consi-der its electric field, (Ex). If 
the electric field of the incident wave (at this 
second reflection) be assumed to have a val- 
ue 1, t-he value of the reflected wave is also 
about 1 and that of the transmitted wave 
about 2. The transmitted wave crosses the 
one cm. air space between the shields with 
out attenuation and with very little phase 
shift. When it strikes the second shield it 
is in part reflected and in part transmitted. 
The reflected wave is almost as great as theè 
incident but not quite, having lost a small 
fraction which goes into the transmitted 
wave. The reflected wave returns to the 
first shield where its electric field is again 
diminished by a small amount; however, the 
main portion is reflected to the second shield 
again. Thus there is alarge number of suc 
cessive reflections and at each reflection the 
wave gives up a portion of its electric field 
to one or the other of the shields. Due to 
the small phase shift involved these incre 
ments in electric field transmitted to the 
shields add substantially in phase., Now the 
original value of lthe wave transmitted 
through the air is 2. The two waves built 
up inthe two conductorsl as a result of the 
multiple reflections are each of magnitude 
one. In other words each is equal to the in 
cident wave before emerging from the first 
shield. The wave thus built up in the sec 
ond shield is therefore of the same strength 
as it would have been if there had been no. 
air gap. _ 
Now consider the wave of value 1 built up 

in the first shield. This is the result of the 
odd numbered reflections and therefore the 
electric field is reversed in phase.v Before 
this wave proceeds back into the first shield 
it combines with the original reflected wave 
(of value 1) which we previously left being 
slowly propagated back through the first 
shield. As both waves are substantially 
equal the net result by way of a wave re 
turned into the first shield is substantially 
zero. It will be apparent then that the air 
space is of substantially no effect. 

If, however, the vintervening space had 
caused considerable phase shift or if it had 
produced even a relatively small amount 
of attenuation, its effect would have been 
appreciable. In particular it would seem 
that if two different metals having different 
ratios a/a are used for making up the shield, 
they should be alternated in relatively thin 
layers to take advantage of the reflections at 

' their adjoining surfaces. The significance 
of the ratio Ia/«r is clear'from Equations (11), 
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(11a), (12), and (12a) which show that the 
relative values of the transmitted and re 
fiected waves are functions of im ,ufff a and 
hence of the ratio of permeability u to con 
ductivity a. 
From the foregoing consideration of the 

efl'ect of multiple reflections, it would appear 
that the reflection losses which would occur 
at the first refiection from a single shield in 
an infinitel'slpace would not be effective, Where 
the space is finite and the shield and the con 
ductor are made of the same material, owing 
to the multiple reflections between the con 
vductor and the shield. In other words, the 
only loss which is useful in such a case is 
the attenuation loss in the shields. 

6. RefZcctz'on at obligue incidence 
The computation of the refiection coeffi 

cient at oblique incidence is more difficult 
than the corresponding computations for 
normal incidence as given under heading 4. 
Moreover it turned out (see Heading 5) that 
when the reflection coefñcients had been 

" found for the case of normal incidence they 
had no appreciable bearing on the effect pro~ 
duced by the shield. It’ may, therefore, be 

~ reasonably questioned whether >it is Worth 

30 

40 

50 

60 

65 

while to carry out the computations for the 
case of oblique incidence. In any event 1t 
can be seen from physical .considerations that 
the reflection coefficients and reflection losses 
do not difl'er in kind but merely in degree 
from those obtained for normal incidence. 
This being the case the same general argu 
ments as were used above can be employed to 
show that the reflections at two surfaces' sepa 
rated by an air space are substantially can~ 
celled out in the case of oblique incidence, as 
well as in the case of normal incidence. Sim 
ilarly it may be concluded that When the dis 
turbing and disturbed circuits are separated 
by relatively short distances the reflection 
from even a single shield does not enter ma« 
terially into the ultimate effect. 

’7. Long'z'z‘fuclz'nal disturbances 'versus Zocaì 
eddz'es 

It has been assumed above in dealing with 
plane shields that the waves were infinite in 
extent and that the intensity at any point of 
the shield surface was equal to that at any 
other point. It has also been indicated that 
the results obtained in this way apply to a 
very close approximation to the case of cylin 
drical surfaces if the intensity is the same at 
all points of the, surface. It is of interest to 
inquire to what extent the results apply to 
actual field distributions. The actual dis 
tribution may differ from the ideal one just 
discussed in two respects. In the first place 
the fields may be uniform along a line drawn 
around the cable as above but may vary along 
the cable. Secondly, the field may vary on a 

«to be longitudinal. 
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line around the cable as well as along the 
cable. \ 

If the field does not vary appreciably o'n a 
line around the cable the disturbance is said 

The longitudinal dis 
turbance is usually the one of greatest im 
portance if the disturbed and disturbing cir 
cuits are separated by great distances. This 
need not be the case, however, when it is a 
question of crosstalk between circuits in the 
same cable since the separation between dis 
turbing and disturbed circuits is relatively 
small. In the case of crosstalk there is a cer 
tain field set up which is determined largely 
by the relativev position of the two wires. 
Now if we compare two positions along the 
cable which are separated by the distance of 
one-half twist in the pair, it is obvious that 
the relative position of the two conductors is 
interchanged and, therefore, if it may be as 
sumed that the current and voltage are the 
same at the two points, the fields set up Will 
be just opposite. It is also obvious that if 
the pair is nearer one side of the cylinder than 
another, the field at the surface of the cylin 
der will be a function‘of position. For both 
of these reasons it may be concluded thatthe 
fields consist in part at least of local eddies 
rather than longitudinal disturbances. 
Regardless of how complicated a. function 

of position on the surface of the shield the 
field may be, it is possible to analyze it by 
means of a double Fourier series into com 
ponents. This is entirely similar to the man 
ner in which a picture in telephotography 
may be analyzed into a double Fourier series. 
Let us assume that such an analysis has been 
carried out for, say, the electric field just in 
side the surface of the shield and let us con 
fine attention to one of the components thus 
found. In comparing the manner in which 
this component is propagated in comparison 
with the. uniform wave assumed above it will 
be convenient toy make use of Huygens’ con 
struction. In accordance with this construc 
tion the wave inside of the shield may be 
considered as the resultant of a large number 
of >hemispherical waves, each one starting 
at a point of the surface. If these waves are 
all equal, as they are in the case of the uni 
form plane wave, the laws deduced above 
hold. If there is a considerable difference 
from point to point of the surface it will be 
seen by following these hemispherical waves 
that there-is a tendency to equalize differ 
ences. However, unless the field on the sur 
face changes materially in a distance equal 
to the thickness of the shield, the equalizing 
effect will be very small. If on the other 
hand the field varies very rapidly over the 
surface of the conductor, so that there is a 
great variation in proceeding a distance 
equal to the thickness of the shield, the result 
is that some components of the Wave mutual 
ly annihilate. each other and thereby produce 
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a greater shielding effect than in the case of 
a uniformly distributed field as previously 
deduced. It is thought that in all cases of 
practical interest the variation over the sur 
face is relatively slow and that therefore the 
results obtainedv from the uniform Waves ap 
ply Without modification. ` 

8. Scams and Zamz'actflo'ns in SI1/¿CMS 

The shield may be said to function because 
of the eddy currents and magnetic flux set up 
in the material. It is obvious then that if the 
shield contains laminations in such a direc 
tion as to break up the flow of current or the 
magnetic flux, the effectiveness of the shield 
will be impaired. On the other hand there 
is no obiection to laminations running per 
pendicular to the direction of flow of energy 
because neither current nor magnetic flux 
flows across such surfaces. In the case of 
longitudinal,,disturbanccs it is particularly 
important that the longitudinalv current he 
not interrupted and that the circulating flux 
be not interrupted. For such disturbances 
parallel copper Wires are just about as effi 
cient as a solid shield containing the same 
amount of copper since the magnetic flux 
through the copper is smallvin any event and 
the parallel Wires do not interrupt longitu 
dinal currents. On the other hand a solid 
iron shield with a given am-ount of iron will 
be much more effective than the same amount 
of iron in the form of either parallel or heli 
cal wires, because the helical Wires impede 
longitudinal currents and the parallel Wires 
impede circulating fluxes. It seems that the 
best Way to avoid the effect of seams 'and 
laminations is to make up the shield with 
fairly thin tape, as wide as can be conven 
iently handled, and Wrapped several times. 
In such case the seams approach parallelism 
with the surface of the shield and the effect 
of unavoidable components of the seams 
transverse to the surface of the shield is to 
some extent neutralized by the presence of 
neighboring layers of metal which in effect 
overlap the seams. 

9. Design of shield 
There will novi7 be described a shield con 

struction suitable for separating two concen 
« tric groups of conductors Within a cable. As 
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has already been made clear, the purpose of 
the shield is to reduce crosstalk between cir 
cuits in t-he two compartments separated bV 
the shield. The general construction of the 
cable and location of the shield are indicat 
ed in the figures of the accompanying' draw 
ing. ‘ 

The attenuation of a solid shield is equal to 
thc thickness times the attenuation constant 
a. In accordance with Equation (5a) the 
attenuation constant is given by the expres 
sion 

7 

where a and p. are the conductivity and per 
meability,\_respectively, in electromagnetic 
units. In order to make the attenuation of 
the shield as great as possible 'for a 4given 
thickness, it is desirable, therefore, that the 
product ,a abe as large as possible. It is also 

desirablethat the quotient ë 'for the shield 
differ as much as possible from the corre- 
sponding quotient for the conductors. This 
insures a certain reflection loss in the shield 
in addition to the attenuation loss, because 
the refiection effects between the shield anti 
the material of the conductors do not cancel 
out, as has been fully discussed under head 
ings 4 and 5. A third property which is 
somewhat desirable but much less important 
than the foregoing is that the material have 
considerable hysteresis loss since the hystere 
sis effect increases the attenuation, as already 
explained under heading 1. In addition to 
these desirable properties relating to the sub 
stance of which the shield is made, it is desir 
able that it be free from seams or laminations 
which would interrupt the flow of current or 
magnetic flux. Lamination’s parallel to the 
surface of the shield are not objectionable. , 
In comparing various substances that4 

might be available, the question Aarises 
Whether a ferromagnetic substance or a sub 
stance of high conductance is preferable. 
The best non-magnetic substances are copper, 
silver vand aluminum. There is very little 
choice in performance among these three. 
Taking copper as representative and compar 
ing it With, say, iron, it is found that the con 
ductivity a is decreased in the rati-o of 6: l. in 
going from copper to iron. However, the 
permeability ,t is increased in a very much 
greater ratio, possibly as much as 600: 1. If 
We assume the latter figure the product a ,a is 
increased in the ratio of 100: 1 which means 
that the attenuation constant a. is increased in 
the ratio of 10: 1 and the required thickness 
of shield is decreased in the ratio 1: 10. In 
addition, the ratio ,it/a is very greatly in~ 
creased in going from copper to iron and 
Íhere is, therefore, an appreciable reflection 
oss. 

For both of these reasons, it seems, there 
fore, that iron is greatly advantageous to 
copper. Moreover iron should be used if the 
shield is thick enough to make the amount of 
material employed of importance. Now it 
turns out that in the problems of interest, the 
thickness of the copper shield would be on the 
order of 1li; inch which means a great amount 
of copper. It, therefore, may be concluded 
that iron should be used. _ 

Frein a mechanical standpoint it seems 
that the most practicable Wayof applying the 
shield is to make it in the form of a tape and 
Wind it around the inner core of conductors. 
Now iron is a readily oxidized metal and it 
might Well be that oxides would form in suffi 
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cient quantity to seriously interfere with the 
conductivity and even the magnetic flux.V It 
is proposed that these disadvantages be over 
come by two expedients. In the first place, 
make the tape wide and thin so that the width 
of the tape considerably exceeds its pitch 
when applied to the core. This makes the 
laminations approach the condition of paral 
lelism with the axis of the cable so that they 
do not interfere with longitudinal conductiv 
ity and lnagnetic flux. In the second place, 
coat the iron with some suitable metal which 
is not subject to oxidation to any great extent 
and which will insure good contact between 
successive layers of the tape. It is not neces 
sary that there be good contact over the whole 
surface but there should be sufficient contact 
so that the longitudinal résistance of the tape 
when in place is not greatly different from 
that of a solid shield. It is thought that tin 
would be a suitable substance for this pur~ 
pose, but other substances such as lead, zinc, 
copper, silver, gold, nickel, chromium and 
various amalgams may also be employed. 
To reduce the effects of seams, in a cable of 

ordinary size the width of the tape should 
be n‘ìade as great as possible, say about six 
inches, and preferably not less than one inch 
as a minimum. If we assume that the pitch is 
so chosen that there are three thicknesses of 
tape at every point and if we assume that the 
total thickness Vofi shield required is l5 mils, 
the thickness of the tape required works out 
to be 5 mils. .. 
The figures on the drawing show the con 

struction contemplated. Fig. 1 shows the lo 
cation of the shield with respect to the re 
mainder of the cable. Fig. ‘2 shows the ex 
ternal appearance ofthe shield in place. Fig. 
3 is a longitudinal cross-section of the shield 
showing the inside appearance of the shield 
and the character of the effective lamination. 
In order to make the interior appearance 
clear, all the conductors but one have been re 
moved from the inside in this figure. The 
figures are for the most self-explanatory but 
the distance marked “overlap” in Fig. 3 calls 
for comment. This distance should be equal 
to the thickness of the tape to a first approxi 
mation. It' it is made less than this there 
will be a weak spot in the shield so far as its 
shielding effect is concerned. If it is made 
much greater than this, the material is used 
inefiiciently. - 

It will be apparent that the shield de 
scribed, forms a continuous covering from 
one end of the cable to the next. It is nec 
essai-y. therefore, to avoid magnetization ef 
fects due to direct current flowing longitudi 
nally of the shield. To avoid this the shield 
should be insulated from the ground at the 
terminals of a repeater section so that nor 

C5 

mally there will be no direct current flowing 
in it. On the other hand, the material ought 
to be such as not to be permanently magne 

tized by incidental direct current. Also, the 
material ought to be such that it does not ap 
proach saturation dueto the earth’s magnetic 
field. Making the shield of soft iron satisfies 
both of these requirements. 

It will be obvious that the general princi 
ples herein disclosed may be embodied in 
many other organizations widely different 
from those illustrated, without departing 
from the spirit of the invention as defined 
in the following claims. 
vWhat is claimed is: 
1. A cable comprising a plurality of con 

ductors arranged in two concentric cylindri- 
cal bundles one within the other, and a con 
centric shield of magnetic and conductive ma 
terial interposed .between the bundles, said 
shield being in the form of a thin wide tape 
wound helically about the inner` bundle, and 
the width of said tape being more than twice 
the pitch of the helix. 

2. A cable comprising a plurality of con 
ductors arranged in two concentric cylindri~ 
cal bundles one within the other, and a con 
centric shield of magnetic and conductive 
material interposed between the bundles, said 
shield being in the form of a thin wide tape 
wound helically about the inner bundle, and 
the width of the tape being such with respect 
to its thickness and the pitch ofthe helix that 
the shield will comprise a plurality of layers 
of tape at each point along the length of the 
cable and the effective laminations will ap 
preach parallelism with the Vsurface of the 
shield. 

3. A cable comprising a plurality of con 
ductors arranged in two concentric cylindri 
cal bundles one within the other, and a con 
centric shield of soft iron interposed between 
the bundles, said shield being in the form of 
a thin wide tape Wound helically about the 
inner bundle, and the width »of said tape be 
ing more than twice the pitch of the helix. 

4. A cable comprising a plurality of con 
ductors yarranged in two concentric cylindri 
cal bundles one within the other, and a con 
centric shield of soft iron interposed between 
the bundles, said shield being in the form of a 
thin wide tape wound helically about the in 
ner` bundle, and the width of the tape being 
such with respect to its thickness and the 
pitch of the helix that the shield will com 
prise a plurality of layers of tape at each 
point along the length of the cable and the 
effective laminations Will approach parallel 
ism With the surface of the shield. 

5. A cable comprising a plurality of con 
ductors divided into two substantially equal 
groups with certain conductors of one group 
arranged to transmit in one direction and cer 
tain conductors of the other group arranged 
to transmit in the opposite direction, the two 
groups being arranged in the form of two 
concentric cylindrical bundles one Within the 
other, and a concentric shield interposed be 
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tween the bundles, said shield being com 
posed of a material having a large product of 
permeability by conductivity and a ratio of 
permeability to conductivity substantially 

5 different from that of the material of the con 
ductors, said shield being in the form of a 
thin wide tape Wound helically about the 
inner bundle, and the width of said tape be 
ing more than twice the pitch of the helix. 

l0 6. A cable comprising a plurality of con 
ductors divided into two substantially equal 
groups with certain conductors of one group 
arranged to transmit in one direction and cer 
tain conductors of the other group arranged 

15 to transmit in the opposite direction, the two 
groups being arranged in the form of two 
concentric cylindrical bundles one Within the 
other, and a concentric shield inter osed be 
tween the bundles, said shield being com 

20 posed of a material having a large product 
of permeability by conductivity and a ratio 
of permeability to conductivity substantial 
ly diñ'erent from that of the material of the 
conductors, said shield bein in the form of 

25 a thin wide tape wound he?ically about the 
inner bundle, and the width of the tape being 
such with respect to its thickness and the 
pitch of the helix that the shield will com 
prise a plurality of layers of tape at each 

30 point along the length of the cable and the 
effective laminations will approach paral 
lelism with the surface of the shield. 
In testimony whereof, I have signed my 

name to this specification this 16th day of 
35 Ju1y,1929. 

HARRY NYQUIST. 
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