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This :invention relates to electrical transmis-
slon -circuits ‘and is ‘concerned -especially -with
circuits :comprising a pair of conductors sur-
rounded . by an individual shield. A particular
object of the invention is to obtain an individu-
-ally- shielded circuit which has the properties of
low attenuation and :substantial freedom from
-external induction throughout a wide range of
frequencies. Another -object of the invention is
‘to obtain a circuit of 'such characteristics which
is balanced with respect to ground.

‘The 'frequency range which may ‘be trans-
‘mitted over :a -circuit consisting -of :an ordinary
‘unshielded pair -of -conductors is limited both by
‘the ‘increasing -susceptibility of the ecircuit to
crosstalk -from nearby conductors and interfer-
ence from external-sources as the frequency is in-
creased, and-also, in‘many instances, by the large
‘high -frequency -attenuation which results from
-the:use of solid dielectric material. In accord-
ance with the invention it is proposed to-enclose
-a'pair ofconductors.in: a conducting shield which
acts to prevent external:electromagnetic or elec-
tro-static ‘disturbances from causing disturb-
ances in the:pair,;and-conversely, to prevent the
-currents transmitted over the pair-from causing
-disturbances in -external cireuits. -Moreover,
:since the shielding effect of such an enclosing
:shield-decreases -as the frequency-decreases, it is
-proposed in -aceordance with the invention to
‘twist the conductors of .the pair helically about
the axis:of the shield or otherwise transpose them
in order :to -annul .any:interference which may
‘pass-through the:shield at low frequencies.

- In order to.reduce the high frequency attenua-
tion of the shielded pair it is proposed in one em-
‘bodiment of the invention to-employ. a substan-
tially .gaseous dielectric between the conductors
of the ‘pair and between these conductors and
the-surrounding :sheath. The-invention compre-
hends -also,-however, -the use of non-gaseous di-
-electric-material to insulate the conductors from
-one-another.and from the sheath.

The invention has-to do especially with indi-

5 -vidually -shielded :pairs .of conductors in which

-each conductor.is constituted of a-number of in-
-sulated strands.or filaments which are so inter-
woven or arranged as to reduce the high fre~
-quency resistance-of the circuit. Pairs of con-
-ductors whieh are surrounded by shields of sub-
stantially eircular cross-section are a particular
subject of the invention.

A particular object of the invention is to so
proportion the ratio.of the inner diameter of the
shield to the diameter of the conductors and. the
ratio of the interaxial separation between con-
ductors to the inner diameter -of the shield that,
for.any.given degree of stranding and for a given
size of-shield, the attenuation will be a minimum.

-More-broadly, the invention is concerned with

systems for utilizing individually shielded bal-
anced pairs for the transmission of high fre-
quencies or wide bands of frequencies. Satisfac-
tory transmission of television images with good
definition requires the transmission of a fre-
quency band which may extend from zero fre-
quency to hundreds or even thousands of kilo-
cycles. If, for example, it is desired to transmit
with a total of 24 reproductions per second an

image containing 40,000 picture elements, ‘there -

is required a frequency band of approximately
500 kilocycles in width. Still wider bands may
be necessary for representing with adequate de-
tail such scenes as a theatrical performance or
an athletic-event. A shielded transposed pair de-
signed in accordance with the principles of the
invention -is especially suited for the transmis-
sion of such television bands because it may be
giverr comparatively low attenuation and rela-
tive freedom from interference over the entire
kand.

Moreover, by the application of multiplexing
the wide frequency bands obtainable from the
shielded transposed pair may be used to provide
substantial numbers of narrower frequency bands
suitable for other uses, as for example, for tele-
phone circuits which may require bands of about
2500 cycles in width, for high quality program
circuits which may require bands extending up
t0 10,000 cycles or higher, for high speed facsim-
ile transmission, or for other purposes.

Inasmuch as the two conductors are symmet-
rical at all points with respect to the shield, the
potential between each conductor and the shield
is equal. Therefore, if such a shielded stranded

" pair were buried so that the shield makes elec-

trical contact with the ground, or if the shield
were electrically connected to ground at frequent
intervals, the two conductors would form a bal-
anced-to-ground circuit. Even if the shield
were not connected by wires to ground or buried,
it would be -effectively connected to ground due
tc the electrical capacity between it and ground.
Hence, the two conductors will always form a
balanced-to-ground circuit. Such a balanced-
to-ground circuit would be very useful for inter-
connecting electrical elements which are them-
selves balanced to ground.

For instance, it is frequently desirable in the
radio art to employ an antenna which is balanced
with respeet to ground rather than to connect,
transmit or receive between antenna and ground.
Such, for example, is the case when using a dia-
mond antenna or a horizontal dipole antenna. A
shielded twisted pair of the type described herein
is peculiarly adapted for connecting such bal-
anced antennas with radio transmitting or re-
celving apparatus inasmuch as such a pair may
be balanced to ground and may be designad to
have low .attenuation and substantial immunity
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‘ratus at the terminals.

‘as possible.

2
from external interference at the frequency or
frequencies employed for radio. transmission.

These and other objects and features of the in-
vention will be more readily understood from the

following description when read in connection.

with the accompanying drawings, in which Fig.
1A, 1B and 1C represent various transmission

systems utilizing shielded stranded pairs; Figs...

2, 3, 4, 5 and 6 are sections of various shielded
stranded pairs; Fig. 7 is a view of a stranded
conductor; Fig. 8 shows the ratio of the resistance
of a stranded conductor to the resistance of a
solid conductor of the same diameter versus fre-
quency for two conditions of stranding; Fig. 9 is
a section of a shielded stranded pair; Figs. 10 and

11 are curves indicating the optimum proportion-

ing of a- shielded stranded pair to ortain

‘minimum high frequency attenuation; and Fig.
112 shows the characteristic “impedance of a

shielded pair having optimum proportioning for
high frequency transmission.

Overall systems embodying the invention are
schematically illustrated in Figs, 1A, TB and 1C.
In these figures shielded pair transmission lines
are shown associated with various kinds of appa-
Thus in Fig. 1A is shown
a pair of wide band television transmitters and
receivers, indicated at TT: and TTs, respectively,
connected to the terminals of ftwo shielded
stranded pairs. Fig. 1B shows a shielded pair
utilized in a carrier telephone system. The ter-
minal apparatus CT: and CT:z connected to the
shielded pair may consist of modulators, de-
modulators, filters and amplifiers. A repedter R
is shown between two sections of the shielded pair
line. ‘Fig. 1C shows a shielded pair transmission

1ine used to'connect a radio transmitter RT1 to a

balanced-to-ground radio antenna RT:, for ex-

‘ample, a horizontal dipole. 'If desired, the shield
can be buried as shown in Fig. 1C.

Referring to Fig. 2, { and 2 represent two con-
ductors formed of insulated strands, said con-
ductors being held in proper relation and out of
electrical contact wtih each other and with the
circular conducting shield 3 by means of spaced
dielectric washers 4. These washers should be

‘separated from each other g suitable distance and

should be made as thin as possible consistent
with the required mechanical strength. They
should also be composed of some dielectric mate-
rial of small loss angle and low dielectric con-
stant, for if these conditions are obtained, the
leakage loss may be made so small as to be prac-
tically negligible. Fig. 3 shows a longitudinal sec-
tion through a shielded stranded pair having
solid dielectric; | and 2 are the two conductors

‘formed of insulated strands, 3 is a circular shield

of conducting material such as a copper pipe, and
4 is a solid dielectric washer by means of which
the conductors and shield are held in proper re-
lation. This solid dielectric should preferably
have a small loss angle and low dielectric con-
stant in order to make the attenuation as low
‘For example, “Paragutta” or ofher
similar insulating material may be used for the
dielectric 4.

Fig. 4 represents a cross-sectional view of a
shielded stranded pair; | and 2 are conductors

composed of a number of insulated strands, and 2

represents the circular conducting shield. In

"Fig. 4, ¢ represents the inner radius of the shield,
"¢ one-half the interaxial separation of the two
stranded conductors { and 2, and b represents

76

Figs. 5 and 6 are
1 and 2

the radius, of the conductors.
longitudinal sec”’ons of a shielded pair,

~ or steel.
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are conductors composed of 8 number of insulated
strands twisted so as to form a conductor of an-
nular cross-section, the core of the conductors
being filled with some non-conducting material

. as jute or a conducting material such as copper
3 is the conducting shield in the form of’
‘3, tube composed of overlapping tapes of Z-

shaped cross-section. The dielectric 4 in Fig. 5
is in the form of thin insulating washers; that in
Fig. 6 is a solid dielectric such as paragutia.’

The conductors -may consist of a number of

strands, filaments, tapes, or the like, which are
insulated from one another and are interwoven
or braided together in any of various ways. Or-
dinarily the purpose of such stranding would be

to reduce the resistance of the conductors at high:

frequencies by counteracting’the tendency of the
currents to concentrate on the surface of the con~
ductor and thereby to decrease the high fre-
quency attenuation of the circuit.

an inerease in the internal inductance of each
conductor which likewise reduces the high fre-
quency attenuation. ' Stranding may also be ad-
vantageous from the:standpoint of obtaining a
flexible structure.

In order to counteract the tendency of the cur-
rents to concentrate on the surface of the con-
ductor at high frequencies, it is essential that the
insulated strands be passed back and forth to-
ward and from the center of the conductor.
With a suitable method of stranding, the high
frequency current may be distributed substantial-
1y uniformly over the cross-section of the con-
ductor. One method of obtaining this resulf is

‘to strand the conductor in a manner similar to

that used in the manufacture of rope. Thus, sev-
eral individual strands (for example, three)
would first be twisted together, next several of
these groups would be twisted together to form
larger groups, and several of the larger groups
would be twisted together, the process being con-
tinued until the desired total number of strands
is obtained. If the stranding interval or piteh is
made different for the successive twisting opera-
tions, it will be found that with such a procedure
any one strand in going along the conductor

~Another im- ¢
portant result obtained by stranding, however, is

10

30

<o
w1

40

travels a path back and forth between the center

of the conductor and its periphery. A stranded
conductor built up in this manner is illustratéd in
Fig. 1. '

Instead of twisting the strands as described
above they might be interwoven or braided in
other ways soas to produce the same effect. "Also,
it would be possible to employ an annular cross-
section for the insulated strands, the core of the
conductor being filled up with some non-conduct-
ing material such as jute, or with a conducting
material such as copper or steel to provide rigidi-
ty or strength as shown in Figs. 5 and 6. The
stranding might be arranged in such a way that
the path of any strand would extend between the
outer and inner circumferences of the annulus.

The two conductors may be either parallel or
transposed at frequent intervals. One method of
transposition would be to twist the two conduc-
tors helically about the axis of the shield. As
will be brought out below, the optimum propor-
tioning of the circuit will be the same in either
case.

For the insulation between the two conductors
and between conductors and sheath, any of va-
rious forms or shapes may be employed. One
possible arrangement would be to use a continu-
ous spirally applied string or strip-of dielectric
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‘material, Generally; it will be:desirable that the
amount of insulating material employed be 3 min-
imum in order that the dielectric between the two
‘conductors may. be.largely gaseous. In some in-
stances, however, it may be found advantageous
to use a dielectric which is. partly or wholly non-
gaseous, as, for example, rubber insulation, as
illustrated in Figs.' 3 and 6.

The shield surrounding-the two conductors, in-
stead of being formed of a single tube, might con-
sist of a cylindrical assembly of conducting strips,
tapes, ribbons, wires, or the like. -Such forms of
construction might be particularly advantageous
where a flexible structure is desired.

In connection with the shield it may be noted
that in addition to performing an electrical func-
tion by protecting the circuit from external induc-
tion, it may be useful in affording mechanical pro-
tection to the circuit and thereby permitting the
use of air dielectric to a very considerable extent.
Due to skin effect the high-frequency currents will
benetrate very little into the shield so that the
electrical requirements are satisfied by a very thin
shield. Consequently, the thickness of the shield
will ordinarily be determined by-mechanical con-
siderations. The thickness of the shield will
usually be such that it does not enter into the
problem of determining the optimum configura-
tion of conductors and shield.

The use of the shield will ordinarily make it
possible where desired to allow the signals trans-
mitted over the pair to drop down to a minimum
level determined by the noise due to thermal agi-
tation of electricity in the conductors. Hence the
use of the shield may facilitate the spacing of in-
termediate amplifiers in the circuit at wider in-
tervals than would otherwise be possible,

The configuration of the conductors-and shield
which results in minimum high frequency atten-
uation can be determined by obtaining an-expres-
sion for the attenuation of the system and then
determining the diameter  and spacing ratios
which meake the attenuation a minimum for any
given inner diameter of the shield. It will be as-
sumed that the frequency is above the audible
range and that the leakage is zero (g condition
that may be approximately obtained). ‘All units
are in the c. g. s. electromagnetic system.

The attenuation at -high frequencies of an
electrically smooth transmission line with zero
leakage is given very closely by the expression

2VL

where R represents the resistance, C: the ca-
pacitance and I. the inductance of the system.
The total resistance R of the system is made up of
the resistance of the stranded conductors with
the shield absent and the resistance due to eddy
cwrrent loss in the conducting sheath, proximity
effect between the two conductors being elim-
inated by stranding. The high frequency resist-
ance (in abohms per centimeter) of the two
stranded conductors without the shield may be
written as

2n |/ f

RN
b being the radius of the conductors, f the fre-
quency in cycles,  the conductivity of the shield
material (approximately 5.8 10—4 abohms per
cm. cube for copper), and n the ratio of the re-
sistance at the same fregquency of the stranded
conductor to the resistance of a solid conductor
of-the same outer-diameter but of a-conductivity

]

Royal Society of London,

;33

-equal.to that of the:shield. The value of n for. a

conductor that is completely stranded, i. e. so

'siranded that ‘the current density is uniform
‘throughout the entire cross-section, can ‘be ob-

tained from .a formula by

8. Butterworth pub-
lished in the Philosophical

Transactions of the
vol. 222, page 57.
Equation (85) therein should be modified by the
cmission of the two termg which involve D2, when

it - will read

° .2 252
R=r[ (14+5)a+mH+22T
0

This gives the A. C. resistance of g completely
stranded conductor in abohms per centimeter.
The meanings of the various symbols and: the
reazon for omissicn of the two terms mentioned
ahove will ke found in the article. The high fre-
auency resistance Ri’ of a solid wire (in abohms

per centimeter) is given by the expression

1z
BYX

The value of n can be determined by dividing R’
by Ry’. '®ig. 8 shows how 7 varies with frequency
for two conditions of stranding when all of the
conductors are of copper.

For any completely “stranded conductor there
is ordinarily a frequency at which the ratio n is
& minimum. The lowest value of 2 that can be
chtaineq for g completely stranded conductor of
a given Glameter and size of strands together
with the number orf strands and the thickness
of insulation necessary to produce this value of
7 can be determined by Expression 1. The con-
ductors should be designed so as to have as low
2 valize of n as'possible at the given frequency,
and the size and -separation of the conductors
should be determined for this minimum value
¢f n if it is desired to obtain as low an attenua-~
tion a5 possible at-a given frequency for g shield
of given diameter and material,

If the conductors are not completely stranded,
the value of 7n-may be determined either by com-
Putation or experiment,

The increment in the resistance of the two
stranded conductors due to the current in the
conducting sheath may be obtained in the fol-
lowing manner. Referring to Fig. 9, let points

A and B represent the centers of the two stranded !

wires each spaced s distance d from E which is
the center of the sheath having a radius e, The
effect of the sheath may be replaced by the two
image wires A’ and B’, each spaced g distance
e
d
from E as described on page 174, Radio Frequency
Measurements (1931), E."B. Moullin,

From a consideration of the magnetic fields.
due to the conductors and their images, the tan-
gential magnetic field intensity at any point P
on the sheath can be shown to be

2(e—ayr 1
H= c c?d?—2¢cd cos §
) 1 ] 2
c?+d?4-2¢d cos §
where H is the magnetic field intensity, I is the
current:in the conductors and ¢ the angle PER
(Fig. 9). The normal component at P is zero.
At high frequencies the field outside the shield
is substantially zero, so we can assume a current
inn the shield producing a field equal and opposite
that due to the conductors and their images.
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4

Therefore the current density N 'at P ‘equals. C2H
where Cq is 2 constant. i

Th a given material the power loss in the
sheath is proportional to N2 and to the area; thus
the power loss in the sheath per unit length is

brd ) 27
W1=J; C3N20d9=cC22C3ﬁ) H?de (3)

» Where

W==power loss in the sheath per unit length

Cs—constant, c=radius of sheath.

Into this expression for the power loss we can
place the expression for the field H at the point
P: thus

w =412(cz _gz)zczzcaﬁzfr( 1

1 c? - d?—2cd cos 0 (4
c?4 d2+2cd cos 8 df
This becomes:
cd?C,2Cs
W= 641271"?'de (5)

By the same method we may obtain the power
loss in the circular sheath of radius ¢ when used
as a concentric return for a wire placed in its
center. Thus the field

21
H=7"

The current density N1 is proportional to Hi.
Tor the same frequency and material as above

8127 C2Cs
[o]

(6

The ratio of the resistance Ri which the sheath
introduces in the circuit consisting of the two
stranded wires to the resistance Rz which the
sheath would have if used as a concentric return
is then at high frequencies

2
Wz‘—:f C3N120d0:

. 8ctd?

Ri W, 8c2d?
L R‘=(c4———<_17)R2 (N, (8)

R, W, c—d°f

The high frequency resistance Re of the shield
when used as a concentric return for an inner
conductor is given by the well known expression

177
R2=;\/§

Therefore the total resistance R of the shield

pair is
. f/n 6 4cd?
o 2\/;):<—5+c4—d4)
The capacity betwéen two completely stranded

wires when surrounded by a cylindrical metallic
sheath. is given by the expression:

K

2d\ [ ct—d?
+108(5)(575)
The inductance of the system is made up of the
inductance due to the magnetic field outside the
conductors and the internal inductance due to the
flux within the conductors, The exfernal in-
ductance equals the rciprocal of the capacity of
the circuit multiplied by the dielectric constant
K. The internal inductance is a function of the
distribution of the flux in the conductors. For
stranded conductors the internal inductance at
high frequencies is approximately that at direct
current in so much as the current distribution is
relatively independent of -frequency up to very
high frequencies. The internal inductance of a
pair of completely stranded conductors is then one

(9

(10)

(1)

2,034,033

abohmi per centimeter. - The total iridupt‘ance’ be-

comes: ,
_ 2d{ct—d? -
L=4 log, [73_<02+d2 :|+1 (12)

Therefore the attenuation at high frequencies
and for zero leakage is

d?
| ne, *a
JI_(\/E 5 +1 -4 @
vy L - et d
2¢ flog. M(4 log. M+1)
where
2
I g'z
M= (14)
b d2
1'1‘@

‘For any given value of shield radius c, the
values of b and d which give minimum attenuation
may be found by setting '

| PA_ . 3A_
ob  'ad .
On imposing the first. condition we find that

0 - (15) (16)

_pioM_ 2 log, M(4 log, M+1) 1
n &b 8 log. M+1 2+ 4ed? (17)
. bl oi—dt

Imposing the second condition we find that
oM (ct—d¥? _

éd 80d(c4+d4)—

2 log, M(4 log M+1) 1

8 log, (M+1) ny 4cd?
b ' A—dt

M (18

Combining the left-hand members of Equations
(17) and (18) and substituting the values of the
derivatives, the following expression results

2 dt
s%(1+d—4) :
c_. c c
B (& &_d& (9)
(D60
C C C

This expression is the locus of values of the
diameter ratio )

[o]

b

which give minimum attenuation for different as-
sumed values of the wire spacing ratio

4

[o]
The unique values of

d c
P and %

which give minimum attenuation for a given re-
sistance ratio n are obtained by taking pairs of

d c

p and-l; _

which satisfy Equation (19) and substituting them

in Expression (13) for the aitenuation and

graphically determining the pair that gives mini-

mum attenuation. .
Fig. 10 shows graphically the relation tha

should exist between the spacing ratio

d

[+]

and the resistance ratio n for minimum atten-

10

15

20

25

30

35

40

45

50

60

65

75



10

15

40

50

60

76

2,034,033

uation for any predétermined inner diameter of
shield. The relationship hetween

d

C

and 7z as indicated by the curve of Fig. 10 can
be approximated’ closely by the: empirical ex-
DPression

d_ .
5=0.42

The relationship that should exist' between

C

b -

and 7 for minimum attenuation for any predeter--

mined inner diameter of shield is-shown in Fig. 11.
This relationship can be ‘approximated closely by
the empirical expression

It can be seen. moreover by 'examination of
Figs. 10 and 11 that for the values of n lying
between about 0.5 and 1.11 the ratio

d

[o]
can be approximated roughly-by 0.40 and

C

b

by 5.0 irrespective of: the value of 7.

However, if. it is desired to design a shielded
stranded. pair so that the attenuation will be
more exactly a minimum for any  particular
value of 7, the relations given in Figs, 10 and 11
or the equivalent empirical expressions given
above should be used:

It must be borne in mingd that the value of »
to.be used in designing a shielded stranded pair
is the value that is given by the maximum fre-
quency to be transmitted over the transmission
line. If any given shielded stranded pair is de-
signed in the above manner, the attenuation at
the maximum frequency will be as low as possible
at this frequency. At any lower frequency the
system will not have the optimum. design but
since the attenuation is less at the lower fre-
auencies, this fact does not matter. The same
value of n determines both. ratios

<
b

The high frequency impedance of such g con-
ductor system is given closely by the expression

g{andA
[&]

L

C:
Hence - proportioning the conductors in such a
manner as to obtain minimum high- frequency
attenuation as disclosed above results in a cer-
tain high frequency characteristic impedance

1 " /300,000
= ~20. [ 222,000
V910 \/5.8><10—4

T aX 250725 — X

\/<Iogg 2X5.4%X.365

5

corresponding to each value of n. This relation

between the characteristic impedance and 7 is

shown on PFig. 12. The characteristic impedance
for minimum attenuation is approximately 143
ohms for the usual values of n.

Exzamaple

The proportioning of shielded pair- circuits so
as to secure with g, given. size shield the lowest
bossible attenuation at.g given maximum fre-
quency is complicated slightly by the fact that
the size of the conductors for a given diameter
of shield dépends on the value of 7, and the Iowest
value of n attainable at a given frequency de-
pends upon the size of the conductor as well as
other quantities. Hence the method of designing
such a circuit is one of successive approxima-
tions: To illustrate this method a simple ex-
ample will be considered. Thus it may be desired
to so proportion a shielded pair circuit of copper
whose shield is to be 300 in inner diameter
and whose enclosed conductors are to be com-
pletely stranded and composed of No. 40 B, & S.
gauge strands, that the attenuation at 300 ke.
will be as low as possible. From Fig, 11 it can be
determined that the conductor should be approxi-
mately % the diameter of the shield, i. e., .100’"
in diameter. From Expression (1) it can be de-
termined that the lowest value of n attainable for
this diameter under the above conditions is 46,
Considering Fig. 11 again-it is seen that the di-
ameter ratio should have ‘been more exactly 5.4;
hence the conductor diameter becomes

500

‘5,7—.093
For this sized conductor the lowest value of 7 for
the given conditions of frequency and strand
size is .47.

From Fig. 11 it is seen that the optimum diam-=
eter ratio changes little from n=0.46 to n=0.47,
Hence the conductor diameter should be approxi-
mately .093’’, From g consideration of Expres-
sion (1) it can be ‘determined that the minimum
value of n for a .093’ conductor composed: of
No. 40 B. & 8. strands is obtainable by using

approximately - 500 strands, each strang having:
the radius of the-

an insulation thickness 209,
strand. From Fig. 10 it can be determined that
the ratio of interaxial separation of the con-
ductors to the inner diameter of the shield should
be approximately .365. Hence the interaxial
separation of the conductors should ‘be approxi-
mately 0.500""%.365—.182"",
a circuit for any other size shield, maximum fre-
quency- and size of strand can be carried out
similarly,

The attenuation of shielded pair circuit as pro-
portioned in the previous baragraphs can be gh-
tained from Expression (13). Substituting nu-
merical values in the expression and changing
from c. g. s. absolute units to practical units we

obtain
.3652
47X 5.4—!—4‘1 3558

X
—.365? . 1—.3652 i
1305 (4 s (258 a05(15565)) +1)

[2.54<12% 5280 % 8.6861=1.075 db:per mile
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6
Such a transmission circuit when used in con-
nection with a carrier telephone system utilizing
repeaters having, for example, 60 db gain would
enable the repeater stations to he spaced  ap-
5. proximately 57 miles apart. :
If the conductors are not completely stranded,
the inductance is no longer given by Expression
(12) hut becomes

2d *—d?
10 4log. 5 =gt o

where Lo is the internal inductance of the two
conductors in abhenries per centimeter. 'There-
fore Expression (13) for the attenuation of the

15 System becomes 2 :
2

nc 45:_5

BT &

ct

(20)

— [F 7 ,
oA

1/,, N 26+/log. M(4 log. M+ Lo)

Tt is difficult to obtain a general solution of
this problem, i. e., to determine the value of

20

25 . —E and %
which gives minimum attenuation for any value
of 7 and Lo, because the internal inductance of
the conductors depends upon the cross~-section

30- of the conductors. For example, if the conduc-
tors are annular in cross-section, the internal
inductance of the two conductors is given by the
expression

(1) 2

2
35 Ly=2 E(‘p____T)'—;gTi_l“(pg__l—)zlogtp] (21)

where

. =7
40. b is the outer radius and ¢ is the inner radius
of the stranded annular conductor. For other
stranded conductors the internal inductance can
be determined either experimentally or by pub-
45 lished formulas. The correct proportioning for
minimum attenuation for any frequency and
conductor cross-section can be determined by
putting the corresponding values of Lo and n
into Expression (20) and determining graphi-
50. cally the values of
% and g
which makes it a minimum for a predetermined
55-value of c.
The high frequency characteristic impedance
of ‘a shielded pair system in which the conductors
are not completely stranded is approximately

2
60.- 1/—,—@/Iog. M4 log. M+ Ly)

whereas before M equals

d2
- 2, e
- b d?
1+E—3
In the derivation of the ratios
70 % and g

which give minimum attenuation it was assumed
that the dielectric loss was negligible.” Since in
actual practice it would probably be necessary
%5 . to provide some sort of support to maintain the

2,084,033

conductors ‘and shield in their proper relation- -

ship, the insertion of a certain amount of di-
electric inside the shield would be necessary. By
using as small an amount of dielectric as pos-
sible and by using dielectric material with a
small dielectric constant and low power factor,
the effect of the dielectric on the constants of
the line could be made negligible. Accordingly,
the diameter ratios and spacing ratios for various
values of n would remain as disclosed.

It is possible however, to proportion a shielded
pair of predetermined size sO that it will have
minimum attenuation at any given value of neven
though the dielectric loss is large, provided that
the average dielectric constant is independent of
the proportions of the circuit.

The high frequency attenuation of a smooth
line having leakage is given by the expression

R [C G |L
2\/L+2 G (22)

where G is the leakage per unit length which in
turn is equal to CiwP, C1 being the capacity per
unit length of the system, « being 27 times the
frequency and P the power factor. By the use of
Equations (11), (12) and (13), Equation (22) re-
duces to td

2¢c L1/1°g= M(4 log. M-+1)

c, 4ctd?
n7)_+c4—-d4

— | 1
chPJﬂ\/l.'l'm (23)

where, as before,
d2

==

=

M
3

r—conductivity in abmho per centimeter cube
and c=inner radius of shield in centimeters.
From Equation (23) it is evident that the diameter
ratio

L

b
and spacing ratio

d

[o]

that will give minimum attenuation depend on
n, P, f, ¢ and A\. By assuming various values for
P, f, ¢ and A, the values of )

c d
Z and —é
can be determined graphically for any value of n
which will make the attenuation as given hy
Tquation (23) a minimum. Doing this for various
combinations of P, 7, ¢ and 1, it is possible to deter-
mine the desired relation between

c d

2 c

and # for various values of P, f,,¢cand A. By com-
paring these values.of.

c. d:

pands
to those obtained for wholly gaseous dielectric,
it is possible to obtain an empirical relation be-
tween the values of
' d

c-
Eand—é

10

13

20

40

45

50

70

768"



(=]

10

15

20

30

40

45

50

60

85

70

3

2,034,033
which obtains for a system having no dielectric

loss and those for systems having appreciable
dielectric loss. Thus, it can be shown graphically
that the value of

d

(]

is not affected appreciably by the leakage loss in
the dielectric. However, the value of

[+]

b

to be used for any frequency, power factor and
diameter of shield can be obtained approximately
by multiplying the value of

a very low amount the resultant disturbance in
the: circuit due to inadequate shielding. The
pair is shielded at high frequencies from outside
disturbances and also does not produce any dis-
turbance outside the sheath due to the shielding
effect produced by the eddy currents induced in
the shield. Thus, a shielded transposed pair is
relatively free from external interference at all
frequencies and hence is useful and advantageous
for the transmission of frequency bands extend-
ing down to zero frequency.,

The condition that must be satisfied for maxi-
mum high frequency characteristic impedance
for a shielded stranded pair can also be deter-

c mined. The high frequency. characteristic im-
b pedance of a shielded stranded pair is:
T 2 1 d2
2 2c,d,, & 2, d., &
Zy= JE 4 log, ?X;X‘CI—Z “|‘L0 log, 5 ZX 5
& 13

for zero leakage by the expression

1+1.2¢ FPcy X (1.1—n)

for values of 7 less than 1.1.
Thus, for n less than 1.1 the value of

[o]

b
for-any power factor, frequency and diameter

shield for copper conductors is: given approxi-
mately by the expression

[ o/ 7
Bl +-029VF Po(1.1—n)] (24)

where
_(20_
by
for the case of negligible
Fig. 7. For n greater than

is the diameter ratio
leakage as shown in

11,
<
b
should be approximately 5 ;
d
C

is-given approximately by the expression

0.42/n

regardless of f, P, A and c.

Inasmuch as the high frequency characteristic
impedance of a transmission system is relatively
independent of the dielectric loss, the character-
istic impedance of a shielded pair system having
dielectric loss is equal approximately to the
air dielectric characteristic impedance divided by
the square root of the average dielectric constant
of the insulating medium.

It has been assumed that the two stranded con-
ductors are either parallel or transposed at fre-
quent intervals, maintaining at all points the
proper diameter and spacing ratios, except, how-
ever, at the transposition points. In the case of
the helically twisted type of transposition, the
twisting of the conductors does not materially
affect the conditions for minimum attenuation
providing- the twist is relatively long compared
with the diameter of the conductors.

At low frequencies at which the shield does not
provide adequate electromagnetic shielding, the

transposing of the conductors serves to reduce to

The internal inductance Lo being independent
of the diameter ratio

=g

and the spacing ratio

oln

the ratio
d

(o]

for maximum characteristic impedance for any
given diameter ratio
c

b
can he obtained by maximizing the term
d?
a 7
_X 3
ey + a2
c?
This can be accomplished by taking its deriva-
tive with respect to the ratio

d

]

and putting this derivative equal to zero,
we find that

Thus

d_ 486
[o]

for maximum characteristic
given ratio of inner diameter
eter of conductor.

It will be obvious that the general principles
herein disclosed may be embodied in many other
organizations widely different from those illys-
trated without departing from the spirit of the
invention as defined in the following claims.

What is claimed is:

1. A transmission ecircuit comprising two cy-
lindrical conductors of substantially the same

impedance for any
of shield to diam-

size arranged side by side and spaced apart, a.

cylindrical conducting shield surrounding said
conductors, one of said conductors being con-
nected as a return for the other to form a high
frequency transmission path shielded by said
shield, said conductors and shield being insulated
from one another by a substantially gaseous di-
electric, each of said conductors consisting of g
plurality of conducting strands insulated from

-
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one another and so stranded that current dis-
tribution is substantially uniform for a range of
frequencies extending to a region well above au-
dibility, the transmission path formed from said
cylindrical conductors acting one as a return for
the other, having connected thereto apparatus
for applying thereto and receiving and utilizing
therefrom a band of signal frequencies extend-
ing from approximately zero to a frequency many
times the upper limit of the audible range, said
path with its associated shield acting to transmit
without excessive attenuation the band of fre-
quencies so applied.

2. A transmission circuit comprising two cy-
lindrical conductors of substantially the same
size arranged side by side and spaced apart, a
cylindrical condueting shield surrounding said
conductors, one of said conductors being con-
nected as a return for the other to form a high
frequency transmission path shielded by said
shield, said conductors and shield being insulated
from one another by a substantially gaseous di-
electric, each of said conductors consisting of a
plurality of conducting strands insulated from
one another and so stranded that current dis-
tribution is substantially uniform for a range of
frequencies extending to a region well above au-
dibility, the transmission path formed from said
cylindrical conductors acting one as a return for
the other having connected thereto apparatus for

. supplying thereto and receiving and utilizing
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therefrom a band of sighal frequencies extend-
ing from approximately zero to a frequency many
times the upper limit of the audible range, said
path with its associated shield acting to transmit
without excessive attenuation the band of fre-
quencies so applied.

3. A transmission circuit comprising two cy-
lindrical conductors of substantially the same size
arranged side by side and spaced apart, each of
said conductors consisting of a plurality of con-
ducting strands insulated from one another and
so stranded that current distribution is substan-
tially uniform for a range of frequencies extend-
ing to a region well above audibility, & cylindri-
cal conducting shield of predetermined diameter
surrounding said conductors, one of said conduc-
tors being connected as a return for the other,
said conductors and shield being insulated from
one another, the relative dimensions of said
conductors and shield and their relative spacing
being such that the high frequency attenuation
of the circuit will be a minimum for any fre-
quency where the ratio of the resistance of either
of said conductors to the resistance at the said

frequency of a solid conductor of the same mate-

rial and size is less than unity.

4, A transmission circuit comprising two cy-
lindrical conductors of substantially the same
size arranged side by side and spaced apart,
each of said conductors consisting of a plurality
of conducting strands insulated from one an-
other and so stranded. that current distribution
is substantially uniform for a range of frequencies
extending to a region well above audibility, and
a cylindrical conducting shield of predetermined
diameter surrounding said conductors, one of said
conductors being connected as a return for the
other, said conductors and shield being insulated
from one another by a substantially gaseous di-
electric, the relative dimensions of said conduc-
tors and shield and their spacings being such
that the high frequency attenuation of the cir-
cuit will be a minimum at any frequency for

which the ratio of the resistance of either of said

5,034,083

conductors to the resistance at the same fre-
quency of a solid conductor of the same material
and size lies between the limits unity and 04.
5. A transmission circuit comprising two cy-
lindrical conductors of substantially the same
size arranged side by side and spaced apart, each
of said conductors consisting of a plurality of
conducting strands insulated from one another
and so stranded that current distribution is sub-
stantially uniform for a range of frequencies ex-
tending to a region well above audibility, and a
cylindrical conducting shield of predetermined
diameter surrounding said conductors, one of
said conductors being connected as a return for
the other, said conductors and shield being insu-
lated from-one another by a substantially non-
gaseous dielectric, the relative dimensions of said

conductors and shield and their relative spacings

being such that the high frequency attenuation

_of the circuit will be a minimum for the frequency

for which the ratio of the resistance of either of
said conductors to the resistance at the same fre-
quency of a solid conductor of the same material
and size is substantially a minimum.

6. A transmission circuit comprising two cylin-
drical conductors of substantially the same size
arranged side by side and spaced apart, each of
said conductors consisting of a pluralily of con-
ducting strands insulated from one another and
so stranded that current distribution is substan-
tially uniform for a range of frequencies extend-
ing to a region well above audibility, and a cylin-
drical conducting shield of predetermined diam-
eter surrounding said conductors, said conductors
being helically twisted around the axis of said

shield, one of said conductors being connected
as a return for the other, said conductors and.

shield being insulated from one another, the rel-
ative dimensions of the- said conductors and
shield and their relative spacings being such
that the high frequency attenuation of the cir-
cuit will be a minimum at any frequency for

which the ratio of the resistance of either of said:

conductors to the resistance at the same fre-
quency of a solid conductor of the same material
and size lies between the limits unity and 0.4,

7. A transmission circuit comprising two cylin-
drical conductors of substantially the same size
arranged side by side and spaced apart, each of

said conductors consisting of a plurality of con- ¢

ducting strands insulated from one another and
so stranded that current distribution is substan-
tially uniform for a range of frequencies extend-
ing to a region well above audibility, and & cylin-
drical conducting shield of predetermined diam-
eter surrounding said conductors, said conductors

being transposed about the axis of the shield, one

of said conductors being connected as a return
for the other, said conductors and shield being
insulated from one another, the relative dimen-
sions of said conductors and shield and their rel-
ative spacings being such that the high frequency
attenuation of the circuit will be a minimum for
the frequency for which the ratio of the resist-
ance of either of said conductors to the resistance
at the same frequency of a solid conductor of
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the same material and size is substantially 2 min- -

imum. .

8. A transmission circuit comprising two cylin-
drical conductors of substantially the same size
arranged side by side and spaced apart, a cylin-
drical conducting shield of predetermined diam-
eter surrounding said conductors, one of said con-
ductors being connected as a return for the other,
sald conductors and shield being insulated from
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one another, each of said conductors consisting
of a plurality of conducting strands insulated
from one another and so stranded that current
distribution is substantially uniform for g range
of frequencies extending to a region well ahove
audibility, the particular arrangement of said
strands being such as to produce at a given high
frequency a predetermined value for the ratio
of the resistance of each of said conductors to
the resistance of a solid conductor of equivalent
diameter, the relative dimension of said conduc~
tors and shield and their relative spacings being
such that the high frequency attenuation of the
circuit will be & minimum at said given high fre-
quency.

9. A transmission eirenit comprising two con-
ductors, a eylindrical conducting shield surround-
ing said conductors, one of said conductors being
connected as a return for the other, said conduc-
tors and shield being insulated from one another,
each of said conductors consisting of a plurality
of conducting strands insulated one from an-
other, the ratio of the interaxial separation of
said conductors to the inner diameter of said
shield being approximately .40 and the ratio of
the inner diameter of said shield o the diameter
of each of said conductors being approximately
5.0

10. A transmission circuit comprising two con-
ductors, each of said conductors consisting of a
plurality of conducting strands insulated from
one another, and a cylindrical conducting shield
surrounding said conductors, one of said con-
ductors being connected as a return for the other,
said conductors and shield being insulated from
one another by a substantially gaseous dielectric,
the ratio of the interaxial separation of said con-
ductors to the inner diameter of said shield being
approximately .40 and the ratio of the inner di-
ameter of said shield to the diameter of each of
said conductors being approximately 5.0.

11. A transmission circuit comprising two con-
ductors, each of said conductors consisting of a
plurality of conducting strands insulated from
one another, and a cylindrical conducting shield
surrounding said conductors, one of said conduc-
tors being connected as a return for the other,
said conductor and shield being insulated from
one another by a substantially non-gaseous di-
electric, the ratio of the interaxial spacing of said
conductors to the inner diameter of said shield
being approximately .40, and the ratio of the
inner diameter of said shield to the diameter of
each of said conductors being given approximate-
ly by the expression:

5+6./Frpc(1.1—n)

where 7 is the ratio of the resistance of each of
sald conductors to the resistance of a solid con-
ductor of the same diameter at the frequency
F, F' is the frequency in cycles per second, A the
conductivity in abmho per centimeter cube, p
the power factor, and c is the inner radius of the
shield in centimeters.

12. A transmission circuit comprising two cy-
lindrical conductors of substantially the same
size arranged side by side and spaced apart, each
of said conductors consisting of a plurality of
conducting strands insulated from one another
and so stranded that current distribution is sub-
stantially uniform for a range of frequencies ex-
tending to a region well above audibility, and a

9

cylindrical conducting shield of bredetermined
diameter surrounding said conductors, one of said
conductors being connected as a return for the
other, said conductors and shield being insulated
from one another, the relative dimensions of said
conductors and shield and their spacing being
such that the high freguency characteristic im-
bedance of the circuit derived from said stranded
conductors will approximate 143 ohms for the
usual value of 7.

13. A transmission circuit comprising two cy-
lindrical conductors of substantially the same
size arranged side by side and spaced apart, each
of said conducters consisting of a plurality of
conducting strands insulated from one another
and so stranded that current distribution is sub-
stantially uniform for a range of frequencies ex-
tending to a region well above audibility, and a
cylindrical conducting shield of predetermined
diameter surrounding said conductors, one of said
conductors being connected as a return for the
other, said conductors and shield being insulated
[rom one another by a substantially gaseous di-
electrie, the relative dimensions of said condiic-
tors and shield and their spacing being such that
the high frequency characteristic impedance of
the circuit derived from said stranded conductors
will approximate 143 ohms for the usual value
of n.

14. A transmission circuit comprising two con-
ductors, each of said conductors consisting of a
plurality of conducting strands insulated from
one another, and a cylindrical conducting shield
swrrounding sald conductors, one of said con-
ductors being connected as a return for the other,
sald conductors and shield being insulated from
one anocther, the ratio of the interaxial separa-
tion of said conductors to the inner diameter of
said shield being approximately .486.

15. A transmission circuit comprising two cy-
lindrical conductors of substantially the same
size, the interaxial separation of said conductors
being greater than the diameters, a cylindrical
conducting shield of predetermined diameter sur-
rounding said conductors and substantially con-
centric with a line midway between the centers
of the two said conductors, one of said conduc-
tors being connected as a return for the other
to form a high frequency transmission path
shielded by said shield, said conductors and
shield being insulated from one another, each
of said conductors consisting of a plurality of
conducting strands insulated from one another
and so stranded that current distribution is sub-
stantially uniform for a range of frequencies ex-
tending to a region well above audibility, the
transmission path formed from said cylindrical
conductors acting one as g return for the other
having connected thereto apparatus for applying
thereto and receiving and utilizing therefrom a
band of signal frequencies extending from ap-
proximately zero to a frequency many times the
upper limit of the audible range, said path with
its associated shield acting to transmit without
excessive attenuation a band of frequencies so
applied, the relative dimensions of said conduc-
tors and shield and their relative spacings being
such that the high frequency attenuation of the
circuit will be & minimum at the highest fre-
quency of said band of signa]l frequencies.

ESTILL I. GREEN.
HAROLD E., CURTIS.
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