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This invention relates to electrical transmis 
sion circuits and is concerned especially with cir 
cuits comprising a pair of conductors surrounded 
by an individual shield. A particular object of 

5 this invention is to obtain an individually shield 
ed circuit which has the properties of low attenu 
ation and substantial freedom from external in 
duction throughout a wide range of frequencies. 
Another object of the invention is to obtain a 
circuit of such characteristics which is balanced 
w.th respect to ground. I 
The frequency range which may be transmitted 

over a circuit consisting of an ordinary unshield 
ed pair of conductors is limited both by the in 

' creasing susceptibility of the circuit to crosstalk 
from nearby conductors and interference from 
external sources as the frequency is increased, 
and also, in many instances, by the large high 
frequency attenuation which results from the 
use of solid dielectric material. In accordance 
with the invention it is proposed to enclose a pair 
of conductors in a conducting shield which acts 
to prevent external electromagnetic or electro 
static disturbances from causing disturbances in 
the pair, and conversely to prevent the currents 
Atransmitted over the pair from causing disturb 
ances in external circuits. Moreover, since the 
shielding effect of such an enclosing shield de 
creases as the frequency decreases, it is proposed 
in accordance with the invention, to twist the 
conductors of the pair helically around the axis 
of the shield or otherwise transpose them in order 
to annui any interference which may pass 
through the shield at low frequencies. 

35 In order to reduce the high frequency attenu 
ation of the shielded ̀ pair it is proposed in one 
embodiment of the invention to employ a ̀ sub 
stantially gaseous dielectric between the conduc 
tors of the pair and between these conductors 
and the surrounding sheath. The invention com 
prehends also, however, the use of non-gaseous 
dielectric material to insulate the conductors from 
one another and from the sheath. The inven 
tion has to do especially with individually shielded 
pairs of conductors in which the conductors are 
either solid, tubular, or composed of anumber of 
'uninsulated strands. Pairs of conductors which 
are surrounded by shields of substantially circu 
lar cross-section are a particular subject of this 

50 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 of the conduc 
tors to the inner diameter of the shield that the 
high frequency attenuation will be a minimum 
for a predetermined size of the shield. 
More broadly, the invention is concerned with 

systems for utilizing individually shielded bal 
anced pairs for the transmission of high fre 
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quencies or wide bands of frequencies. The sat 
isfactory transmission of television images with 
good definition requires the transmission of a fre 
quency band whch 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 detail 
such scenes as a theatrical performance or an 
athletic event. A shielded transposed pair de 
signed in accordance with theprinciples of the 
invention is especially suited for the transmission 
of such television bands because it may be given 
comparatively low attenuation and relative 
freedom from interference over the entire band. 

Moreover, by the application of multiplexing 
the wide frequency bands obtained from a shield 
ed twisted pair may be used to provide substan 
tial numbers of narrower frequency bands suit 
able for other uses as for example, for telephone 
circuits which may require bands of about 2500 
cycles in width, for high quality program circuits 
which may require bands extending up to 10,000 
cycles or higher, for high speed facsimile trans 
mission or for other purposes. 
inasmuch as the two conductors are symmetri 

cal at all points with respect to the shield, the 
potential between each conductor and the shield 

‘ would be equal. Therefore, if such a shielded 
pair were buried so that the shield makes electri 
cal 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 werel 
not connected by wires to ground or buried, it 
would be effectively connected to ground due to 
the electrical capacity between it and ground. 
Hence, the two conductors would always form a 
balanced-to-ground circuit. Such a balanced 
to-ground circuit would be very useful for inter 
connecting electrical elernents 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 respect to ground rather than to connect 
the transmitting or receiving apparatus between 
antenna and ground. Such, for example, is the 
case when using a diamond antenna or a hori 
zontal dipole antenna. A shielded transposed 
pair of the type described herein is peculiarly 
adapted for connecting such balanced antennas 
with radio transmitting or receiving apparatus, 
inasmuch as such a pair may be balanced to 
ground and may be designed to have low attenua 
tion and substantial immunity from external 
interference at the frequency or frequencies em 
ployed for radio transmission. 
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2 
'I‘hese >and other objects and features of the 

invention will be more readily understood from 
the following description when read in connec 
tion with the accompanying drawings, in which 
Figs. 1A, 1B, and 1C represent various transmis 
sion systems utilizing shielded pairs; Figs. 2, 3, 
4 and 5 are longitudinal sections of various shield 
ed pairs; Fig. 6 _is a cross-sectional view of a 
shielded pair; Figs. 7 and 8 illustrate another 
possible form of construction for a shielded pair; 
Fig. 9 represents an attenuation-frequency curve 
for an optimum design of shielded pair circuit 
having a shield whose inner diameter is one inch; 
Fig. 10 illustrates a form of construction of a 
shielded pair in which the conductors and shield 
are held in their proper position by means of 
insulating strings twisted around the conductors; 
and Fig. 11 represents another cross-sectional 
view of a pair with circular shield. 

Over-all systems embodying the inventions are 
schematically illustrated in Figs. 1A, 1B and 1C. 
In these iìgures shielded pair transmission lines 
are shown associated with various kinds of appa 
ratus at the terminals. Thus in Fig. 1A is shown 
a pair of wide band television transmitters and 
receivers indicated as T’I‘i and 'I'l‘z respectively, 
connected to the terminals of two shielded pairs. 
Fig. 1B shows a shielded pair utilized in a carrier 
telephone system. The terminal apparatus CT1 
and CTz connectedto the shielded pair may con 
sist of modulators, demodulators, filters, and 
ampliñers. A repeater R is shown between two 
sections of the shielded pair line. Fig. 1C shows 
a shielded pair transmission line used to connect 
a radio transmitter RTi to a balanced-to-ground 
radio antenna RTz, for example, a horizontal 
dipole. 1f desired, the shield can be buried as 
shown in Fig. 1C. 
Referring to Fig. 2, I and 2 represent two solid 

conductors which are held in proper relation and 
out of electrical contact with each other and with 
the circular conducting shield 3 by means of ̂ 
spaced dielectric washers 4. These washers 
should be separated from each other a suitable 
distance and should be made as thin as possible 
consistent with the required mechanical strength. 
'I‘hey should also be composed of some dielectric 
of small loss angle and low dielectric constant, 
since if these conditions are obtained, the leakage 
loss may be made so small as to be practically 
negligible. Fig. 3 shows a longitudinal section 
through a shielded pair having solid dielectric. 
I and 2 are the two solid conductors; 3 is a circu 
lar shield of conducting material such as a copper 
pipe. 4 is the solid dielectric by means of which 
the conductors and shield are held in proper rela 
tion. 'I'his solid dielectric should have a small 
loss angle and low dielectric constant in order to 
make the attenuation as low as possible. For ex 
ample, paragutta or other similar insulating ma 
terial may be Aused for the dielectric 4. Fig. 4 
also representsa longitudinal section of shielded 
pair. I and 2 are conductors composed of a 
number of uninsulated strands. 3 represents the 
circular conducting shield and 4 insulating 
spacers as in Fig. 2. Fig. 5 is also longitudinal 
section of a shielded pair. I and 2 are conductors 
composed of a number of uninsulated strands. 
3 represents the circular conducting shield and 
4 the solid dielectric as in Fig. 3. Fig. 6 shows 
a cross-section of a shielded pair. I and 2 are 
the solid conductors and 3 is the circular conduct 

, ing shield. b is the inner radius of the shield, 
75 a is the radius of the conductor, and c is the dis 

2,034,082 
tance from the axis of the shield to the axis of 
either conductor. 

’I‘he conductors may be of such a type that cur 
rents of frequencies well above the audible range 
travel substantially on the outer surface of the 
conductors. For example, they may be either 
solid or tubular. In the latter case, the thickness 
of the walls of the tubes may be small compared 
to the diameter. The conductors may consist of 
a cylindrical assembly of conducting strips, tapes, 
ribbons, uninsulated wires or the like. The lat 
ter form of construction might be particularly 
desirable if the conductors are large and if a ilexi 
ble structure is desired. 
The two conductors may be either parallel or 

transposed at frequent intervals. In either 
case the conductors may be considered sensibly 
parallel for mathematical purposes and the op 
timum diameter and spacing ratios will be the 
same in either case. One method of accomplish 
ing this result is helically twisting the conductors 
around the axis of the shield. 
Any of various forms and shapes may be em 

ployed for the insulation between the two con 
ductors and between conductors and sheath. One 
possible arrangement would be to use a contin 
uous spirally applied string or strip of dielectric 
material around each conductor and another 
spirally applied string to separate them from the 
shield. Generally, it will be desirable that the 1 
amount of insulating material employed be a min 
imum, in order that the dielectric between the 
two conductors may be largely gaseous. In some 
cases, however, it may be found advantageous 
to use a dielectric which is partly or wholly non 
gaseous as, for example, rubber insulation. 
The shield surrounding the two conductors, in-~ 

stead ofV 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 ñexible structure is desired. 

Figs. 7 and 8 illustrate some possible variations 
in the structure of the shielded pair. In these 
cases it will be seen that the conductors I and 2 
consist of conducting tubes such as copper pipes. 
The insulation 4 in Fig. 7 takes the form of thin 
discs of insulating material spaced 'relatively far 
apart; in Fig. 8 the insulation takes the form of 
a solid dielectric material such as paragutta or i 
similar insulating material. In both Figs. 7 and 
8 the shield 3 is formed of tapes arranged in the 
form of a cylinder. 
In connection with the shield it may be noted 

that in addition to performing an electrical func 
tion by protecting the circuit from external in 
duction, it may be useful in affording mechanical 
protection to the circuit andthereby permitting 
the use of an air dielectric to a very considerable 
extent. Due to skin eiîect the high frequency cur 
rents will penetrate very little into the shield and 
conductors so that the electrical requirements are 
satisfied by a very thin shield and thin wall con 
ductors. Consequently, the thickness of the shield 
and the thickness of the walls of the conductors 
will ordinarily be determined by mechanical con 
siderations. The thickness of the shield will 
usually be such that it does not enter in the prob 
lem of determining the optimum configuration 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 
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2,034,082 
tation of electricity in the conductors. Hence, 
the use of the shield may facilitate the spacing of 
intermediate ampliiiers in the circuit at wider 
intervals than would otherwise be possible. 
In Fig. 10, I and 2 represent two solid conduc 

tors and 3 a copper tube as a shield. 4 and 5 are 
strings of paper or of other suitable insulating 
materials twisted around the conductors. 6 is a 
tube oí suitable insulating material covering each 
conductor and its associated string. The strings 
4 and 5 can be of such size that the conductors 
can be separated by any desired amount. 1 is 
another insulating string wrapped around the two 
insulated conductors holding them in position 
with respect to the shield. 

Referring now to Fig. 11, the ratio of the inner 
diameter of the shield to the diameter of the 
conductors and the ratio of the interaxial sepa 
ration of the conductors to the inner diameter 
of the shield, which makes the high frequency 
attenuation a minimum for any given inner diam 
eter of shield, will be determined. This will be 
done by ñrst developing a general expression for 
the attenuation of such a’ system as a function 
of these ratios and then determining the values‘ 
of these ratios which will make the attenuation 
a minimum for any predetermined size of shield. 
A formula will be derived for the attenuation 

of a. wave of high frequency (above the audible 
range) propagated in such a system consisting 
of a pair of long straight parallel wires of eir 
cular cross-section enclosed symmetrically in a 
hollow metallic sheath of circular cross-section 
whose axis is parallel to and coplanar with the 
axes of the wires. From the cross-section of the 
arrangement shown in Fig. 11 the notation for 
coordinate systems and dimensions will be clear. 
For convenience, the sheath is assumed of infinite 
extent, its thickness being of no significance in 
the present problem. The conductors are as 
sumed non-magnetic and the leakage conduct 
ance is assumed to be zero. 

It is well known that the attenuation a, per 
unit length of a conducting system, when the 
leakage is zero and the frequency is so high that 
w21? is large compared with R2, is given by 

R E „_?/-i <1) 
where R, L and C are the eiîective resistance, in 
ductance and capacity of the system per unit 
length. Denoting by Z, the impedance of the sys 
tem per unit length, we have 

z=R+iwL=2z1+4iw1og zc/aJfA'z (2) 
Z1 being the internal impedance of the wire per 
unit length with concentric return and AZ the 
proximity effect correction due to the presence 
of the sheath and the reaction of the wires upon 
each other. The inductance L may be written 

L=LoiL1z 
where Lo is the internal inductance of wires and 
sheath and L12 the external inductance of the 
system. By external inductance is meant that 
portion of the inductance which is independent 
oi the conductivity of the conductors and which 
may, therefore, be~ determined by assuming `in 
ilnite conductivity.~ Hence, we have 

L12C=pk 
where p. and k are, respectively, the permeability 
and specific inductive capacity of the dielectric. 
'_I'hus putting p=1, 

' C=1<ÍL12 (3) 
Hence, when the impedance Z has been deter 

3 
mined, the attenuation readily follows from Equa 
tions, (1), (2) and (3). . 
The immediate object then is to derive the 

formula for the impedance Z; namely, 

the notation being as follows: 

Z1=R1+iwL1 ' 
=internal impedance of wire with its return, 

Z3=R3iiwL3, 
:internal impedance of sheath with its re 

turn, 
Ä=CLÍ2C 
€=C/b 
a=radius of wire 
b=radius of sheath 
2c=interaxial separation of wires. 

This is an approximate formula based upon a 
first order correction for proximity effect. 
In the dielectric between wires and sheath the 

magnetic force H is Aexpressible as three sym 
metrical waves centered on the axes of the three 
conductors, respectively. Also, the vector poten 
tial, F/iw, is given by the relation 

We assume unit permeability in the dielectric 
and in the conductors. Thus, we write, at any 
point P in the dielectric with coordinates (11,01), 
(rz, 62) and (r, 0) with respect to the first wire, 
the second wire and the sheath, respectively, 

E; Birne-1 cos (2n-na (s) 
1 

Denoting by I the current in the wire, we have 

2 
411:12) ’aHdo at r,=a 

01’ 

A0: - ziwr (5) 

Inside the conductors the axial electric forces 
may be written, respectively, 
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4 
Bessel functions of ilrst and second kinds, re 
spectively, of order n and complex argument 

fak 

111:1'1/1'- J41ra1w,a3=í1/1' #41031». 
«r1 and va=conductivity of Wire and sheath, re 

spectively. 
The continuity of tangential magnetic force 

and normal magnetic induction gives the bound 
ary relations at r1=a, 

<1» 
and, at r=b, 

gli: _52E (13) 
Relations (10)-(13) are sufficient to determine 
the arbitrary constants An, B11, gn and hn of Equa 
tions (5), (7), (8) and (9). 
Assume for the moment that these are known. 

Now denoting by E1 and E2, F1 and F2 and V1 and 
V2 the values of axial electrical force, vector po 
tential and scalar potential at the surfaces r1=a 
and r2=a, respectively, We have the additional 
relations  

It is assumed herein, as is usual in transmission 
problems, that the wave and all vector compo 
nents vary with the time t and the axial coor 
dinate alas exp (iet-7a), 'y being the propaga 
tion constant per unit length. Also, it is .Well 
known that ` 

and since 
xffgiwmR-i-ML) (16) 

We have, from Equations (10), (11) and (12), 

' 1 (Rz-+iwL)I=2(E1l-F1) (17) 

The formal solution of the problem is then com~ 
plete. We proceed now to determine An, B11 and 

gn which are required in the expressions for E1 
and F1 in Equation (17). 
To apply the boundary conditions at 1'1=a, 

transform (5) 1» to the coordinate system (T101). 
We shall use the relations 

eign@ „s 21+. . . ) 

2,034,032 
Introducing these in (5) we write for Fin the 
neighborhood of r1=a, 

Èmßn-aneso 1 
t ” A„ 4321+?? 

where ` 

A A (n+1)(11+2) A 
SA 21; - (""’,'1)(2¢2)2+ , 2l mear" ‘ ' 

but 

B0=B2= . . =B2n= ¢  =o 

Similarly, to“ apply the boundary conditions at 
the surface r=b we transform Equation (5) 'to 
the coordinate system (130) by means of the rela 
tions 

log r1=1og rm; cos 0à<ë>2 cos 20 
1 

cos 30- . . . 

cos 50+ . . 

cos (n+4)0+ . . 

Hence, the expression for F in the neighborhood 
of r=b may be written, 

1 

_1'2""3211-1) (19) 
where 

It is possible now to express R-i-iwL as given by 
Equation (17) in terms of A11 and Bn alone. In 
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troduce (7) and (18) in boundary condition (10) 
and equate harmonic coemcients. Writing » 

fiveieyeeoaaì., 
Evidently the harmonic terms in <17) vanish giv 
mg ~ 

Since we require only a iirst order correction 
correspondingto small values or i and ë, we . 
employ the following method of attack, a process 
o! successive approximations. 

(1) Determine En@ by conditions at r=b, neg 
lecting the summation in the A’s. This is equiva 
lent to assuming uniform distribution of current 
over the surface of the wires or, what amounts 
to the same thing, the current concentrated in 
filaments at the centers of the wires. . 

(2) Determine A10” in terms of B1@ by condi 
tions at r1=a, representing the series SA and 
En by their leading terms. 

(3) Determine B10) in terms of Bim) and .41(0) 
by conditions at r=b. ‘ 
'I‘he first order correction in the impedance is 
then given by ' 

1 

The application follows: 
(1) Putting 1'=b`` in Equations (9) and (19) 

and neglecting the summation in the A’s, bound 
ary conditions (12) and (13) give 

Solving simultaneously and making use of the 
relations (see Jahnke u. Ende “Funktionentafeln”, 
page 165) , 

ZJ=2iwKn/ziKo’ (from boundary conditions) 

(2) Putting r1=a in'Equations (7) and (18), 
boundary conditions (10) and (11) give, 

Z1=a1, Jn=Jn (dal), Ja'=Jn' (adi) 
Solving simultaneously and using the relations 

Thus, neglecting terms of second order or 
higher in 2/21, we have 

Four our purpose it is unnecessary to proceed 
further. Since )3 is assumed small with respect to 
unity, we write 

and get from (21), (23) and (25), 

Az=2z1[i)e(1+2)s)(1-1é)l+8z.¢I 
[1+¿=2v(1+i=)l+4iw 

1-é [10g m-nuJfnxi-w] (as) 
Introducing this expression for AZ in (20) gives 
Equation (4) immediately. Also, from (20), (26) 
and (3) 

c=1¢/4[10g âëï-eÍ-nm-wu-w] 
Since 

repita/gina) and ¿win/¿fwn 
expression (4) immediately becomes 

(27) 
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6 
n are equal, we have, since Lo/Lu is negligible 
compared with unity, 

2,034,082 
It is also interesting to note that the fixed 

ratios give fixed values of inductance, capacity 

'I‘he values of e and A which make this a mini 
mum can be determined in various ways. For 
instance, the inner radius b being assumed a 
constant, the diameter and the interaxial sepa 
ration of the conductors for minimum attenua 
tion can be obtained by determining the values 
of a and c which satisfy the equations 

g§=0 and %:=0 
An alternate way is to substitute various pairs 
of values of 

è 
8 

and 

` .2 

b 
in expression (29) and determine graphically or 
otherwise the pair which makes (29) a minimum. 
This pair of values is approximately: 

(30) 

(31) 
(In later work we have carried farther the 

process of successive approximations, lwhich is 
the method of solution leading to the foregoing 
results in Equations (30) and (31) ; thereby we 
have obtained a morev exact formula for the 
shielded pair attenuation. Computations on the 
basis of this formula give the somewhat more 
closely approximate values, 
b/a=5.6, for the optimum separation and diam 
eter ratios, respectively.) 

'I'his is the condition for minimum attenua 
tion for the shielded pair system when the inner 
diameter of the outer conductor is ñxed. It is 
interesting to note that the optimum propor 
tioning ratios are independent of the frequency, 
the size of the conductors, and other variables. 
It will be obvious that the attenuation of the 
system can be reduced by increasing the size of 
the shield, keeping the ratios 

b d c 
E an ï 

ñxed. The diameter of the shield would probably 
be determined by such considerations as the maxi 
mum frequency to be transmitted over the sys 
tem and the maximum allowable attenuation at 
that frequency. 
The attenuation-frequency curve for a shield 

ed pair of wires designed in accordance with the 
above condition, and having an inner diameter 
of shield equal to one inch, is shown in Fig. 9. 
In this case it is assumed that the leakage con 
ductance is negligible. It will be noted that the 
attenuation at a frequency of 1000 kc. is ap 
proximately 2.0 db per mile. Hence, if repeaters 
having a gain of 60 db each were employed with 
such a circuit, these could be spaced at intervals 
of about 30 miles. 

c/b=0.44 and 

and characteristic impedance regardless of the 
actual size of the system. Thus, by substituting 
the ratios . 

b c 
-á and b 

as given in (30) and (31) into expressions (28) 
and (3), and changing to practical units the 
inductance and capacity can be obtained. They 
are, respectively, L=.724 millihenry per mile and 
C=.0397 microfarad per mile. The value of the 
high frequency characteristic impedance for the 
optimum conñguration becomes 

(The foregoing values for L and C were com 
puted from an approximate fonnula. A later 
computation by means of a more nearly exact 
formula, gives the result, L=0.755 millihenry per 
mile and C=0.0381 microfarad per mile. With 
these values the resulting value for Zo is 140 
ohms.) 
In the determination of the configuration for 

minimum attenuation it was assumed that the 
value of leakage conductance was zero. How 
ever, in practice it will be necessary to support 
the two conductors and to keep them in the de 
sired relative position with respect to the shield. 
'I'his will require the use of a certain amount of 
dielectric material inside the shield which will 
consequently introduce a certain amount of leak 
age conductance, and increase the average di 
electric constant of the system. 
By making such supports out of materials hav 

ing low loss and low dielectric constant and by 
spacing them as far apart as possible, it is possi 
ble to make the effect on the attenuation and 
consequently on the configuration l,for minimum 
attenuation negligible. 
However, if for any reason it is desired to sup 

port the conductors with respect to the shield in 
a manner which introduces a relatively large 
amount of leakage loss, it is still possible in many 
cases to determine the values of 

b c 
a and b 

for minimum attenuation. 'I'hus it will be shown 
that the configuration which results in minimum 
attenuation is independent of the dielectric loss 
and the average dielectric constant, provided that 
the value of the average dielectric constant is 
independent of the conñguration of the conduc 
tors and sheath. 
At frequencies high enough so that w21? is large 

compared with R2 and @202 is large compared with 
G2, the attenuation of a transmission system in 
which the leakage loss is not negligible is 

(32) 
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2,034,032 
where G the` leakage lcss=2ffpC, p being the 
.power factor and 

k 
CSE 

Therefore, the high frequency attenuation is 

The last term in (33) is independent of'the size 
and spacing of the conductors and sheath pro 
vided that the average dielectric constant k is 
independent of changes in configuration of the 
circuit. Ii' this condition is fulfilled, the ratio 
of the inner diameter of the shield to the diameter 
of the conductors and the ratio of the interaxial 
separation of the conductors to the inner diameter 
of the shield for minimum attenuation for any 
given inner diameter of shield is independent of 
the dielectric loss. The high frequency charac- 
teristic impedance Zu is given closely by 

L 
C 

Where C is the capacity per unit length of the 
system. 'I'his also is substantially independent 
of the dielectric loss. 
These conditions would be met by completely 

filling the space between the conductors and 
shield with a material, such as oil or a solid 
rubber insulation or else by using insulators 
made of thin lflat discs of an appropriate insula 
tion, such as porcelain or glass as shown in Fig. 2. 
A suitable insulator might also consist of a solid 
dielectric, such as rubber in which air has been 
entrapped. If the air bubbles are small and 
evenly distributed through the non-gaseous por 
tion of the dielectric, the average dielectric con 
stant and the dielectric loss can be made nearly 
independent of the diameter and spacing ratios 
of the system. ì 

If the value of the average dielectric constant 
varies with changes in the diameter and spacing 
ratios of the conductors and shield, it becomes 
extremely difficult to obtain a mathematical so 
lution for the diameter and spacing ratios which 
give minimum attenuation for any fixed diameter 
of shield. However, when gaseous and non-gase 
ous dielectrics are arranged in any desirable man 
ner, the ratio of the inner diameter of the shield to 
the diameter of the conductors will not differ much 
from 5.4 and the ratio of the interaxial spacing 
of the conductors to the inner diameter of the 
shield will not diilîer much from .46. If both 
non-gaseous and gaseous dielectrics are used, and 
are disposed in such a manner that the boundary 
surfaces between different dielectrics lie along 
paths followed by the flux in a homogeneous 
dielectric, the optimum configuration will appar 
ently be the same as for .a gaseous dielectric. 
Such types of construction as those described 

above, involving the use of a partly or wholly 
non-gaseous dielectric may be desirable for either 
mechanical or electrical reasons. ’ 
The conditions that must be satisfied for max- 

imum high frequency characteristic impedance 
for a shielded solid pair can also-be determined. 
The high frequency characteristic impedance of 
a shielded solid pair when the conductors are 
small compared to the shield is: 

._i _1 1l’ 
Zvw/img i 1 +62 

For any given ratio of inner diameter of shield 

(34) 

7 
to diameter of;\\çonductor, the characteristic im 
pedance becomes: 

For maximuxn‘ characteristic impedance the term 

, l---ez A 

e 1 + e’ 

must be maximized. This can be accomplished by 
taking its derivative with respect to e and putting 
it equal to zero. 'I'hus we find that ¢`=.486 for 
maximum characteristic impedance for any ratio 
of inner diameter of shield to diameter of con? 
ductor, providing the latter ratio is large. 

If, however, the conductors are large with re 
spect to the shield, Equation (34) no longer holds. 
However, the position of the conductors with re 
spect to the shield must be such as to minimize ' 
the capacity, since the capacity and high fre 
quency characteristic impedance are inversely 
proportional to one another. It can be seen that 
as the diameters of the conductors approach in 
size the inner radius of the shield, e approaches 
.5 for minimum capacity and hence maximum 
high frequency-characteristic impedance. Thus, 
for any given ratio of' inner diameter of ̀ shield to> 
diameter of conductor, the ratio of the interaxial 
separation of the conductors to the inner diam 
eter of the shield should be between the limits' 
.486 and .500. For practical purposes a value 
of about .49 may generally be used to secure 
maximum impedance. 

It will be obvious that the general principles 
herein disclosed may be embodied in many other 
organizations widely different from those illus 
trated without departing from the spirit of the 
invention as defined in the following claims. 
What is claimed is: 
1. A transmission circuit comprising two cylin 

drical conductors of the same size and arranged 
side by side but having an interaxial separation 
greater than their diameters, the diameter of the 
conductors being substantially less than their 
interaxial separation, a cylindrical conducting 
shield of predetermined diameter surrounding 
said conductors, one of said conductors being 
connected as a return for the other, said con 
ductors and shield being insulated from one an 
other, the relative dimensions and spacings of 
said conductors and shield being such that for a 
given cross-sectional area comprised within said 
shield, the attenuation of said circuit (as de 
pendent upon said dimensions and spacings) will 
be a minimum at frequencies so high that «FLP 
and w20’ are large as compared with R2 andGß, 
respectively, where w is 21|- times the frequency, 
and R, L, C and G are, respectively, the linear 
resistance, inductance, capacity and leakage. 

2. A transmission circuit comprising two cylin 
drical conductors of the same size and arranged 
side by side but having an interaxial separation 
greater than their diameters, the diameter of the 
conductors being substantially less than their 
interaxial separation, a cylindrical conducting 
shield of predetermined diameter surrounding 
said conductors, one of said conductors being con 
nected as a return for the other, saîd conductors 
and shield being insulated from one another by a 
substantially gaseous dielectric, the relative di 
mensions and spacings of said conductors and 
shield being such that for a given cross-sectional 
area comprised within said shield, the attenua 
tion of said circuit (as dependent upon said di 
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8 
mensions and spacings) will be a minimum at 
frequencies so high that w2L2 and w2C2 are large 
as compared with R2 and G2, respectively, where 
w is21r times the frequency, and R, L, C and G 
are, respectively, the linear resistance, induct 
ance, capacity and leakage. ~ 

3. A transmission circuit comprising two cylin 
drical conductors of the same size and arranged 

y side by side but having an interaxial separation 
greater than their diameters, the diameter of 
the conductors being substantially less~ than their 
interaxial separation, a cylindrical conducting 
shield of predetermined diameter 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 relative dimensions and 
spacings of said conductors and shield being such 
that for a given cross-sectional area comprised 
Within said shield, the attentuation of said circuit 
(as dependent upon said dimensions and spac 
ings) will be a minimum at frequencies so high 
that w2L2 and w2C2 are large as compared with 
R2 ̀ and G2, respectively, where o is 211-` times the 
frequency, and R, L, C and G are, respectively, 
the linear resistance, inductance, capacity and 
leakage. 

4. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial 
separation greater than their diameters, the 
diameter of the conductors being substantially 
less than their interaxial separation, a cylindri 
cal conducting shield of predetermined diameter 
surrounding said conductors, one of said con 
ductors being connected as a return for the 
other, said conductors and shield being insu 
lated from one another, said conductors being 
of such a type that conduction of currents whose 
frequencies are substantially above the audible 
range takes place substantially on the surface 
of said conductors, the relative dimensions and 
spacings of said conductors and shield being 
such that for a given cross-sectional area com 
prised within said shield, the attentuation of 
said circuit (as dependent upon said dimensions 
and spacings) will be a minimum at frequencies 
so high that o2L2 and w2C2 are large as com 
pared with R2 and G2, respectively, where o is 
2f times the frequency, and R. L, C and G are, 
respectively, the linear resistance, inductance, 
capacity and leakage. 

5. A transmission circuit comprising two solid 
cylindrical conductors of the same size and ar 
ranged side by side but having an interaxial 
separation greater than their diameters, the di 
ameterl of the conductors being substantially 
less than their interaxial separation, a cylindri 
cal conducting shield of predetermined diam 
eter 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, the relative dimensions 
and spacings of said conductors and shield being 
such that for a given cross-sectional area com 
prised within said shield, the attenuation of said 
circuit (as dependent upon said dimensions and 
spacings) will be a minimum at frequencies so 
high that w2L2 and w2C2 are large as compared 
with R2 and G2, respectively, where o is 21r times 
the frequency, and R, L, C and G are, respec 
tively, the linear resistance, inductance, capac 
ity and leakage. ' f 

6. A transmission circuit comprising two cy 

2,034,032 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial 
separation greater than their diameters, the di 
ameter of the conductors being substantially less 
than their interaxial separation, a cylindrical 
conducting shield of predetermined diameter 
surrounding said conductors, said conductors 
consisting of a plurality of non-insulated con 
ducting strands, one of said conductors being 
connected as a return for the other, said con 
ductors and shield being insulated from one an 
other, the relative dimensions and spacings of 
saidl conductors and shield being such that for 
a given cross-sectional area comprised within 
said shield, the attentuation of said circuit (as 
dependent upon said dimensions and spacings) 
will be a minimum at frequencies so high that 
w2L2 and w2C2 are large as compared with R2 and 
G2, respectively, where o is 21»- times the fre 
quency, and R, L, C and G are, respectively, the 
linear resistance, inductance, capacity and leak 
age. Y 

'7. A transmission circuit comprising two hol 
low cylindrical conductors of the same size and 
arranged side byl side but having an interaxial 
separation greater than their diameters, the 
diameter of the conductors being substantially 
less than their interaxial separation, a cylindri 
cal conducting shield of predetermined diameter 
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, said conductors having walls 
of substantial thickness as compared with their 
diameters, the relative dimensions and spacings 
of said conductors and shield being such that 
for a given cross-sectional area comprised with 
in said shield, the attentuation of said circuit 
as (dependent upon said dimensions and spac 
ings) will be a minimum at frequencies so high 
that w2L2 and w2C2 are large as compared with 
R2 and G2, respectively, where w is 21r times the 
frequency, and R, L, C and G are, respectively, 
the linear resistance, inductance, capacity and 
leakage. 

8. A transmission circuit comprising two cy 
lindrical conductors of the same size and arranged 
side by side but having an interaxial separation 
greater than their diameters, the diameter of the 
conductorsbeing substantially less than their 
interaxial separation, a cylindrical conducting 
shield of predetermined diameter surrounding 
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said conductors, one of said conductors being f 
connected as a return for the other, said con 
ductors and shield being insulated from one 
another by a substantially gaseous dielectric, said 
conductors being of such a type that conduction 
of currents whose frequencies are substantially 
above the audible range takes place substantially 
on the surface of said conductors, the relative 
dimensions and spacings of said conductors and 
shield being such that for a given cross-sectional 
area comprised within said shield, the attenua 
tion of said circuit (as dependent upon said di 
mensions and spacings) will be a minimum at 
frequencies so high that w2L2 and «,202 are large 
as compared with R2 and G2, respectively, where 
w is 21r times the frequency, and R, L, C and G 
are, respectively, the linear resistance, induc 
tance, capacity and leakage. 

9. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial 
separation greater than their diameters, the di 
ameter of the conductors being substantially less 
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2,034,032 
than their interaxial separation, a cylindrical con 
ducting shield of predetermined diameter sur 
rounding said conductors, one of said conductors 
being connected as a return for the other, said 
conductors being of such a type that conduction 
of currents whose frequencies are substantially 
above the audible range takes place substantially 
on the surface of said conductors, said conduc 
tors and shield being insulated from one another 
by»A a substantially non-gaseous dielectric, the 
relative dimensions and spacings of said conduc 
tors and shield being such that for a givenV cross 
sectional area comprised within said shield, the 
attenuation of said circuit (as dependent upon 
said dimensions and spacings) will be a minimum 
at frequencies so high that w2L2 and w2C2 are 
large as compared with R2 and G2, respectively, 
where w is 21|» times the frequency, and R, L, C and 
G are, respectively, the linear resistance, induc 
tance, capacity and leakage. 

10. A transmission circuit comprising two cy 
lindrical conductors oi the same size and ar 
ranged side by side but having an interaxial 
separation greater than their diameters, the di 
ameter of the conductors being substantially less 
than their interaxial separation, a cylindrical 
conducting shield of predetermined diameter sur 
rounding said conductors, said conductors being 
helically twisted around the axis of said shield, 
one of said conductors being connected as a re 
turn for the other, said conductors and shield 
being insulated from one another, said conduc 
tors being of such a type that conduction of 
currents Whose frequencies are substantially 
above the audible range takes place substantially 
on the surface of said conductors, the relative 
dimensions and spacings of said conductors and 

Y shield being such that for a given cross-sectional 
area comprised within said shield, the attenua 
tion of said circuit (as dependent upon said di 
mensions and spacings) will be a minimum at 
frequencies so high that w2L2 and w2C2 are large 
as compared with R2 and G2, respectively, where 
w is 21r_ times the frequency, and R, L, C and G 
are, respectively, the linear resistance, induc 
tance, capacity and leakage. A 

11. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial sep 
aration greater than their diameters, the diam 
eter of the conductors being substantially less 
than their interaxial separation, a cylindrical 
conducting shield of predetermined diameter sur 
rounding said conductors, said conductors being 
transposed at frequent intervals, one of said con 
ductors being connected as a return for the other, 
said conductors and shield being insulated from 
one another, the said conductors being of such 
a type that conduction of currents whose fre 
quencies are substantially above the audible 
range takes place substantially on the surface 
of said conductors, the relative dimensions and 
spacings of said conductors and shield being such 
that for a given cross-sectional area comprised 
within said shield, the attenuation of said circuit 
(as dependent upon said dimensions and spac 
ings) will be a minimum at frequencies so high 
that w21? and e202 are large as compared with 
R2 and G2, respectively, where w is 21r times the 
frequency, and R, L, C and G are, respectively, 
the linear resistance, inductance, capacity and 
leakage. 

12. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged sìde by side but having an interaxial sep 
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aration greater than their diameters, the diame 
ter of the conductors being substantially less than _ 
their interaxial separation, a cylindrical conduct 
ing shield of predetermined diameter surround 
ing said conductors, one of said 'conductors being 
connected asa return for the other, said conduc 
tors and shield being insulated from one another, 
the ratio of the interaxial separation of said con 
ductors to the inner diameter of said shield and 
the ratio of the inner diameter of said shield to 
the diameter of each of said conductors being 
such that' for a given cross-sectional area com 
prised within said shield, the attenuation of said 
circuit (as dependent upon said dimensions and 
spacings) will be a minimum at frequencies so 
high that w2L2 and w2C2 are large as compared 
with R2 and G2, respectively, where w is 21|- times 
the frequency, and R, L, C and G are, respective 
ly, the linear resistance, inductance, capacity and 
leakage. 

, 13. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial sepa 
ration greater than their diameters, the diameter 
of the conductors being substantially less than 
their interaxial separation, a cylindrical conduct 
ing shield of predetermined diameter surrounding 
said conductors, one of said conductors being 
connected as a return for the other, said conduc 
tors and shield being insulated from one another 
by a substantially gaseous dielectric, the ratio of 
the interaxial separation of said conductors to 
the inner diameter of said shield and the ratio 
of the inner diameter of said shield to the di 
ameter of each of said conductors being such that 
for a given cross-sectional area comprised with 
in said shield, the attenuation of said circuit (as 
dependent upon said dimensions and spacings) 
will be a minimum at frequencies so high that 
„21.2 and e202 are large as compared with R2 and 
G2, respectively, where w is 21r times the fre 
quency, and R, L, C and G are, respectively, the 
linear resistance, inductance, capacity and 
leakage. 

14. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial sep 
aration greater than their diameters, the diame 
ter of the conductors being substantially less than 
their interaxial sepa-ration, a cylindrical conduct 
ing shield of predetermined diameter surround 
ing said conductors, one of said conductors be 
ing connected as a return for the other, said con 
ductors and shield being insulated from one an 
other, said conductors being of such a type that 
conduction of currents whose frequencies are 
substantially above the audible range takes place 
substantially on the surface of said conductors, 
the ratio of the interaxial separation of said con 
ductors to the inner diameter of said shield and 
the ratio of the inner diameter of said shield to 
the diameter of each of said conductors being 
such that for a given cross-sectional area com 
prised within said shield, the attenuation of said 
circuit (as dependent upon said dimensions and 
spacings) will be a minimum at frequencies so 
high that w2L2 and «,202 are large as compared 
with R2 and G2, respectively, where w is 21r times 
the frequency, and R., L, C, and G are, respective 
ly, the linear resistance, inductance, capacity 
and leakage. 

15. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial sep 
aration greater than their diameters, the diame 
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1 ter ofthe conductors being substantially :less than  

' their'interaxial separation,` a cylindrical conduct 
1 ing shield of predetermined diameter'v surround-v 
ing said conductors, vone oi’ said conductors being 
connected as areturn for the other, said conduc-> 
tors and shield being insulated from one another 
by‘a substantially' gaseous dielectric, ~said con 
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ductors being of such a' type that conductionfof»` 
currents .whose frequencies are substantially 
abovev the audible'range takes place substantially 
on the surface of said conductors, the ratio of 
the interaxial separation of said conductors to 
the inner diameter of said shield and the ratio 
of the inner diameter ofsaid shield to the diame 
ter of each of said conductors being such that for 
a._ given cross-sectional area comprised within 
said shield, the attenuation of said circuit (as de 
pendent upon said dimensions and spacings) will 
be a minimum at frequencies so high that ML2 
and «PC2 are large as compared with R2 and G2, 
respectively, where w is 21r times the frequency, 
and R, L, C, and G» are, respectively, the linear 
resistance, inductance, capacity and leakage. ' 

16. A transmission circuit comprising two cy 
lindrical conductors, a cylindrical conducting 
shieldrsurrounding said conductors, one of said 
conductors being connected as a return for the 
other, said conductors and shield being insulated 
from one another, the ratio of the interaxial sep 
aration of said conductors to the inner diameter 

> oi’l said shield being approximately .46 and the 
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ratio of the inner diameter of said shield to the 
diameter Vof each of said conductors being ap 
proximately 5.4. 

17. A transmission circuit comprising two cy 
lindrical conductors, a cylindrical conducting 
shield 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 ratio of the interaxial separation of 
said- conductors to the inner diameter of said 
shield being approximately .46 and the ratio of 
the inner diameter of said shield to the 
diameter of each ,of said conductors being ap 

, proximately 5.4. 
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18. A transmission circuit comprising two cy 
lindrical conductors, a cylindrical conducting 
shield 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, said conductors being of 
such a type that conduction of currents whose 
frequencies are substantially above the _audible 
range takes place substantially on the surface of 
said conductors, the ratio of the interaxial sep 
aration of said conductors to the inner diameter 
of said shield being approximately .46 and the 
ratio of the inner diameter of said shield to the 
diameter of each of said conductors being ap 

‘ proximately 5.4. 

75 

19. A transmission circuit comprising two cy 
lindrical conductors, a cylindrical conducting 
shield 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 gaseous 
dielectric, said conductors being of such a type 
that conduction of currents whose frequencies 
are substantially above the audible range takes 
place substantially on the surface of said con 
ductors, the ratio of the interaxial separation of 
said conductors to the inner diameter of said 
shield being approximately .46 and the ratio of 
the inner diameter of said shield to the diame 

2,034,032 
ter of each oi' said conductors beingapproxl- ' 
mately 5.4. 

20. A. transmission circuit _comprising two cy_.. ' ' 
>lindrical conductors of> the same size andar 
ranged side >by side but having an interaxial sep 
aration greater than theirA diameters, they diame 
ter "of >the conductors being substantially less 
than 'their interaxial separation, a cylindrical 
conducting shield of predetermined diameter sur 
rounding said conductors, one of said conductors 
being connected as a return forthe other, said 
conductors and shield being insulated from one 
another, the ratio of the interaxial separation of 
said conductors to the inner diameter of said 
shield being such that for a given cross-sectional 
area comprised within said shield, the charac 
teristic impedance of said circuit will be a maxi 
mum for frequencies sufliciently high so that 
w2L2 and W2C3 are large as compared with R2 and 
G2, respectively, where w is 21r times the fre 
quency, and R, L, C, and G are, respectively, the 
linear resistance, inductance, capacity and 
leakage. 

21. A transmission circuit comprising two cy-> 
lindrical conductors of the same size and arranged 
side by side but having an interaxial separation 
greater than their diameters, the diameter of the 
conductors being substantially less than their in 
teraxial separation, one of said conductors being 
connected as a return for the other, a cylindrical 
conducting shield of predetermined diameter sur 
rounding said conductors, said conductors being 
of such a type that conduction of currents whose 
frequencies are substantially above the audible 
range takes place substantially onthe surface of 
said conductors, said conductors and shield being 
insulated from one another, the ratio of the in 
teraxial separation of said conductors to the in 
ner diameter of said shield being such that for a 
given cross-sectional area comprised within said 
shield, the characteristic impedance of said cir 
cuit will be a maximum for frequencies sumcient 
ly high so that ML2 and MC2 are large as com 
pared with It2 and G2, respectively, where u is 2r 
times the frequency, and R, L, C, and G are, re 
spectively, the linear resistance, inductance, ca 
pacity and leakage. 

22. A transmission circuit comprising two cy 
lindrical conductors of the same size and ar 
ranged side by side but having an interaxial sepa~ 
ration greater than their diameters, the diameter 
of the conductors being substantialLv less than 
their interaxial separation, a cylindrical conduct 
ing shield surrounding said conductors, one of 
said conductors being connected as a return for 
the other, said conductors and shield being in 
sulated from one another bya substantially gas 
eous dielectric, said conductors being of such a 
type that conduction of currents whose frequen 
cies are substantially above the audible range 
takes place substantially on the surface> of said 
conductors, the ratio of the interaxial separation 
of said conductors to the inner diameter of said 
shield being such that for a given cross-sectional 
area comprised within said shield, the character 
istic impedance of said circuit will be a. maximum 
for frequencies sufficiently high so that w21? and 
MC2 are large as compared with R2 and G2, re 
spectively, where w is 2r times the frequency, and 
R, L, C, and G are, respectively, the linear resist 
ance, inductance, capacity and leakage. 

23. A transmission circuit comprising two cy 
lindrical conductors, a cylindrical conducting 
shield surrounding said conductors. one of said 
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2,034,032 
conductors being connected as a return for the 
other, said conductors being of such a. type that 
conduction of currents whose frequencies are 
substantially above the audible range takes piace 
substantially on the surface of said conductors, 
said conductors and shield being insulated from 

11 
cne another, the ratio of the interaxial separation 
of said conductors to the inner diameter of said 
shield lying between 0.486 and 0.50. 
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