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This invention relates to electrical conductors, and, 
more particularly, to electrical conductors having elec 
trical transpositions along the length thereof. 
The term “electrical transpositions” is used to refer 

to a transferring of the currents amongst a plurality of 
conducting elements whose positions relative to the main 
fields of the wave transmitted are constant, so that, on 
the average, the main fields will iniiuence the currents 
in the conducting elements equally. The transferring 
may be continuous along the length of the conductor, or 
it may occur at discrete intervals. Also, electrical trans 
position may take 4the form of frequent interleaving of 
large numbers of conducting strands, as in the case of 
Litzendraht wire, or it may be an abrupt change of posi 
tion such as, for example, the type shown and described 
in my copending United States Patent application Serial 
No. 366,510, ñled July 7, 1953, now United States Patent 
2,812,502, issued November 5, 1957, in which case the 
position of the current carrying conductors is not constant 
relative to the main ñeld of the waves. 

„It is an objecty of this invention to provide an electrical 
conductor of simple construction having electrical trans 
positions occurring at intervals along its length. 
.luis-,another object of this invention to provide an elec 

trical #conductor the alternating current resistance p of 
which is less dependent upon frequency changes than that 
of, ,conventional conductors. ` l, l 

i K’In ~the transmission of electromagnetic waves, the cur 
rent distribution, which is substantially _uniform‘through~ 
outthe cross-sectional area of the‘conductor at very low 
frequencies, becomes nonuniform as frequency `is in 
creased. Consider, for example, the case of a solid con 
ductor. towhich are applied waves of increasing fre 
quency. At direct current, and at very low alternating 
current frequencies, the current is substantially uniform 
ly :distributed throughout .the cross-sectional area of the 
conductor ̀ and the-resistance of the conductor and hence 
theconductor loss is at a minimum. As the frequency 
is'increased, the current density becomes a maximum at 
that surface of the conductor which is exposed to the 
main fields of ̀ the waves, which, in the present example, 
is „the outer surface, and decreases as distance from the 
iield increases, i.e., towards the center of Vthe conductor. 
The 'rate at which the current density decreases is de 
pendent ̀ upon the frequency and the material of the con-_ 
ductor, and, for most conducting materials, at high fre 
quencies the current density at the center of the con 
ductor becomes negligible while the current density at 
the conductor surface is at a maximum. This phe 
nomenon is commonly known as “skin effect” and a 
‘.‘skin depth” is delined as the distance measured inwardly 
from the surface of the conductorin which the current 
inthe conductor will decrease by one neper, i.e., the 
current density becomes l/e times the density at the sur 
face of the conductor, where e is the'natural logarithm 
base. Because of the skin effect phenomenon, the alter~ 
natingv current resistance of the conductors increases as 
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higher frequencies, necessitating frequent .amplification of 
the signal along the transmission path. 

It has been long recognized that the .alternating cur 
rent resistance of a conductor to high frequencies can 
be substantially reduced if the conductor is formed of a 
number of conducting elements or members connected in 
parallel and transposed often so that each conductor re 
ceives its share of exposure to the main ñeld. This 
amounts to forcing the current to distribute itself over 
the entire cross-sectional area of the composite of indi 
vidual conducting elements, thereby increasing the total 
current carrying area. It follows, then, that the alter 
nating current resistance is decreased substantially, and 
the frequency dependency of the alternating current re 
sistance is likewise decreased. 
One well-known example of a composite conductor 

which utilizes the foregoing principles is Litz wire, which, 
while effective at lower frequencies, suffers from many 
disadvantages at the higher frequencies. First, each indi 
vidual strand of wire must be insulated from all of the 
others, requiring great care in fabrication, especially for 
operation ̀ at the higher frequencies. Second, for eiïective 
ness at the higher frequencies the diameter of the indi 
vidual strands of wire must be made so small that of 
necessity there are great sacrifices in strength and rugged 
ness. Third, with the large number of individual strands 
involved, proper transposition is exceedingly diñîcult to 
achieve, especially when use at high frequencies is con 
templated, which requires numerous transpositions at very 
short intervals. 

In accordance with the present invention an electrical 
conductor having electrical transpositions is provided 
which is a great improvement in many respects over' 

In an illustrative embodi~ 
conducting core member 
of longitudinally disposed.' 

other transposed conductors. 
ment of the invention, a solid 
is surrounded by a succession 
conducting members which are spaced along and sepa~ 
rated from the core member by insulating material. Ina 
the spacing between each pair of successive surrounding; 
members is disposed a cylinder of material having high 
permeability and low conductivity. The cylinder in turn 
surrounds the core member and is insulated therefrom. 
Bridge members connect the surrounding conducting 
member on one side of the cylinder of magnetic material 
to the core member on the other side of the cylinder of 
magnetic material, thereby effecting a transposition of 
the currents being carried inthe core member and the 
surrounding conducting members without breaking or in~ 
terrupting the core member. As a result the mechanical 
strength of a solid core member is obtained, While the 
advantages of a transposed conductor are realized; ` 
The invention will be more readily understood by 

referring to the following description taken in conjunction 
with the accompanyingdrawing, in which: 

tFig. 1 is ‘a side elevation, partially cross-sectional View 
of a conductor embodying the principles of the present 
invention; , 

' Fig. 2 is a perspective view of an element. of the con 
ductor of Fig. l by which transpositions are effected, and 

Fig. 3 is a perspective view partially in section of au 
other conductor embodying the principles of the inven 
tion. 
«Turning now to Fig. 1, there is shown a composite con 

ductor 11 comprising an elongated core member 12 of 
conducting material, such as copper, surrounded through? 

of suitable insulating 
material. It is to be understood that core member12 
may be of any suitable material having suilicient struc 
_tural strength, so long as there is a suñ’iciently thick layer 
of conducting material thereon. For example, core memf` 

" ~ ber 12 might be of copper~clad steel, or might be of solid2 



A14 of conducting material. 
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dielectric material 
plated on its surface. Surrounding insulating layer 13 
are a succession of longitudinally spaced cylindrical sleeves 

Between the ends of each 
pair of adjacent sleeves 14 and surrounding the Vinsulat 
ing layer 13 is a cylindrical member 15 of magnetic'ma 

As will be more apparent hereinafter, member 
15 is advantageously of a material having a high mag 
netic permeability and a very low electrical conductivity. 
Infgeneral, the operation of the conductor of the present 
invention will be enhanced the higher vthe permeability 
and the lower the conductivity. Typical of such mate 
rials are the ferrites, which are relatively homogeneous 
crystal compounds comprising the reaction product of 
iron oxide and at leastone other metallic oxide. Such 
materials exhibit permeabilities in the thousands and very 
low values of electrical conductivity. Y 

In order that transposition ofthe currents being carried 
in the membersv of composite conductor 11 can be ef 
fected, each of the conducting sleeves 14 is connected, 
at each of its two ends, across its adjacent member 15 
to core member 12 by means'of a separate bridge mem 
ber 16. , 
As shown in the drawing, each of the members 14 has 

its left end connected to core member 12 across the ad 
jacent member 15 by a bridge member 16A and its‘right 
end so connected by a bridge member 16B. Bridge 

` members ‘16A and 16B maybe of any suitable configura 
tion such as, for example, that shown in Fig. '2, and of 
any suitable conducting material. Members> 16A and 
16B are joined to members 12 and 14 in any suitable 
manner such as, for example, brazing or welding. To 
facilitate joining members 16 to the member 12, mem 
bers 14 and insulating layer 13 are cut back shghtly, as 
best seen in Fig. l. To insure a suñicient mechanical 
strength and freedom from pockets, the spaces between 
bridge members 16 and members 15 are preferably sealed 
with suitable insulating material 17. 

In operation, current in member 12 encounters a high 
lseries inductance at each transposition point as a direct 
result of the presence of member 15. This current will, 
therefore, tend to flow through the bridge member‘- 16 
into the next adjacent member 14 instead of ilowing 
through lthe series inductance. At the same time, the 
current in the memberr14 before the transposition point 
is connected through a second bridge member 16 to the 
member 12 beyond the transposition point. vIt is readily 
apparent, therefore, that the currents in members 12 and 
14 are made to “change places” at the transposition points. 
If the main ñeld of the wave being transmitted along 
the conductors is at the outer surface, such as, for ex 
ample, in the case where conductor 11 is the inner con 
ductor of a coaxial cable, 
transpositions remain approximately the same through 
out the conductor length, it is'obvious that the current 
in> elements 12 and 14 of conductor 11 will behave as 
though the elements were made to share equally exposure 
to the main ñeld. 
The elfectiveness of transpositions in a conductor de 

pends to a considerable extent upon a judicious selection 
of thetransposition interval. It is desirable to transpose 
often enough to insure a substantial reduction in losses, 
yet, on the other hand, in the interests of ease and. low 
cost of fabrication it is desirable that the conducting ele 
ments be transposed no more frequently than is necessary. 
As long as the currents' carried by the conducting ele 

withia layei' of conducting material i 
4 . 

Y In the embodiment of Fig. l, transpositions are effected 
~ by actual electrical connections between the inner and 
outer conducting members. It is likewise possible to ac 
complish the desired end of equal currents in the conduct 
ing members with no direct electrical connection between 
them. In such an arrangement, adjacent members 14 
are connected by means of a Wire which is looped around> 

k magneticfmember'15 for one turn in such a manner that 
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` crease the current in. member 12 by the same amount. ' 
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the current-in the wire passes inside the magnetic cylin 
der 15 Ain a direction opposite to the current in member 
12. The result is a transformer in which the two wind- . 
ings are in opposition. In operation, there is a tendency 
for current in the inner member 12 to migrate, by means 
of displacement: currents, to member 14. VDesignating 
the currents in the two conducting members at the out 
set as In, then the eiîect of the Imigration is _to increase` 
the current in member 14 by an amount Il, and toY de~ 

In this case, the impedance of the transformer tothe 
component la in each conducting member is given by 

j where L is the series inductance and M is the mutual in 
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ductance, and the‘impedance of the transformer to the 
component Ih in each conducting member is given by 

If the coeflicient‘of coupling approximates one, which 
is possible in this case, the impedance to Ib is many times 
greater than that to Ia. i 
acts to counteract the tendency of the current to migrate, 
and current balance is maintained. , j 

While the particular embodiments herein described 
are of circular cross section, it is obvious that they may 
be of any suitable shape, and I do not intend to limit 
myself to the particular configuration described. ' In 
addition, the useV of insulation surrounding the conductor', 
has not been shown for the sake of 
that such practice is Within the purview of the invention. ‘ > 

v It is to be understood that the above-described arrange#Ã 
ments yare merely illustrative. of the application ofthe > 
principles >of the invention, and I do not intend to limit'lmy 

, invention to the particular embodiments herein described. 

50 

Numerous other embodiments may be devised by those 
skilled in the art without departing from the spirit and 
scope of the invention. ' 
Whatisclaimed is: 
1. A low loss electrical conductor comprising an elón- ` 

gated inner member of conducting material, a succession 
ofhollow conducting sleeves spaced «apart along the length 
of said‘member, said sleeves surrounding said member 

, and being spaced therefrom, magnetic 'material having 
and if the intervals between i 
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ments are equal, losses will be minimized, Vhence it is . 
Vnecessary to transpose only often enough tomaintain this 
condition of approximate equality of currents inthe con, 
ducting elements. In the drawing of the present inven 
tion the particular embodiments shown are neitherto scale 
nor to proportion inasmuch as the transposition interval. 
may be quite long as compared to that portion 'of the 

, length of the conductor over which the transposition is 
» ß accomplished. t 

high resistivity interposed in the ‘ spacing between adjacent 

said sleeves of the succession, and means of conductive~ 
material bridging said magnetic material for V_forming an; 
electrical connection between each sleeve _on one Side 
of the adjacent magnetic material to the inner- member'V 
lon the other side of said magnetic materiah, 

`2. A low loss electrical conductor as claimed in claim> 
1', wherein said magnetic members are of ferritematerial. 

3. A low lossvr electrical conductor as claimed in claim 
1 wherein said elongated inner member` of conducting 
material comprises a cylindrical member of conducting 
material surrounding a solid core member. 

4. Av low loss electrical conductor comprising an 
elongated inner member of conducting material, a »suc-y 
cession of cylindrical conducting sleeves spaced Aalong the 

_. length ofsaid'member, saidsleev'es surrounding said mem 
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ber and being spaced therefrom by insulating material, 
and means for maintaining the currents in said inner mein#A 
ber and said sleeves substantially balanced,i said means ` 
being located along the length of the> inner-member in 
the spaces between successive` conducting sleeves and 
introducing a high series inductance to currents ñowing 
in, said, inner member, and. means for transporting cur-_. 

(2) Y 

Such an arrangement therefore, i 

clarity. It is obvious> ' 
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rents between said inner conducting member and said 
sleeve members at each end of each sleeve member re 
spectively, said transposing means being connected t0 
said inner member in each case at one side of said 
high series inductance and to the sleeve member on the 
opposite side of said inductance. 

5. A low loss electrical conductor comprising an elon 
gated cylindrical member of conducting material, a suc 
cession of hollow cylindrical sleeves of conducting mate 
rial spaced apart along the length of said member, said 
sleeves surrounding said member and being spaced there 
from, magnetic material of high permeability and low 
conductivity interposed in the spacing between adjacent 
sleeves ofthe succession and insulated from said member 
and said sleeves, and means of conducting material 
bridging said magnetic material for forming an electrical 
connection between each sleeve on one side >of the ad 
jacent magnetic material to «the member on the other side 
of said magnetic material. 

6. A low loss electrical conductor as claimed in claim 
5 wherein said magnetic material is a ferrite material. 

7. A low loss electrical conductor comprising an 
elongated member of conducting material, a plurality 
of conducting means spaced apart along the length of 
said conducting member, insulating means interposed 
between said conducting means and said conducting 
member, and means for maintaining the currents in said 
conducting member and said conducting means substan 
tially balanced, said means including magnetic cylinders 
of high permeability and low conductivity surroundingY 
said inner member at the spaces between adjacent of 
said conducting means and insulated from both said con 
ducting members and said inner member to introduce a 
high series impedance to currents iiowing in said inner 
member, and means for transposing currents between 
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6 
said inner member and said conducting members, said 
transposing means providing electrical connections be 
tween said inner member and said conducting members 
to bypass the high impedance introduced by said mag 
netic cylinders. 

8. A low loss electrical conductor in .accordance with 
claim 7 wherein said transposing means further includes 
a conducting bridge extending across said. magnetic mem 
ber and electrically connected between said conducting 
member on one side of said magnetic member and said 
conducting means on the other side of said magnetic 
member. 

9. A low loss electrical conductor comprising an elon 
gated member of conducting material, an insulating layer 
overlying Vsaid elongated member, a plurality of distinct 
conducting means spaced at intervals along the length 
of said conducting member, magnetic members of high 
permeability and low conductivity spaced in alternation 
with said conducting means and along said elongated 
member, insulating means between said magnetic mem 
bers and the adjacent conductive members, and bridging 
members across said magnetic members and insulated 
therefrom, said bridging members being electrically con 
nected to a conducting member at one side of said mag 
netic members and to a conducting means at the other side 
of said magnetic members. 
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