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A procedure is presented for determining the cross-sectional high-frequency current dis
tribution and Ohmic resistance per unit length for systems of parallel round wires carrying 
equal currents. The additional Ohmic resistance due to the proximity effect is examined for 
various conductor spacings. An optimum spacing for minimum resistance is determined for 
systems of conductors with restricted dimensions. Theoretical current distributions are 
compared with measurements. 

I. INTRODUCfION 

Current interest in the accurate determination of the ra
diating efficiency of electrically small wire antennas 
has required a thorough investigation of the Ohmic re
sistance of closely spaced conductors. The geometry 
treated in this paper-systems of parallel in-line wires 
carrying equal currents-has Ohmic losses per unit 
length which are approximately the same as those in the 
parallel turns of an electrically small multiturn loop 
antenna. 1,2 

In the system of parallel conductors the distribution of 
current over the conductor cross section is determined 
by the normal skin effect and a proximity effect. Both 
are manifestations of the same phenomenon, namely, 
eddy currents in the conductors. The former is usually 
considered to characterize the net current in a single 
conductor while the latter depends on the currents in 
neighboring conductors. At high frequencies, the skin 
effect causes a concentration of the current near the 
outside surfaces of a conductor. This is depicted in Fig. 
1(a) for a single isolated round conductor. The current 
distribution on two parallel wires carrying equal codi
rectional currents is a result of both skin effect and 
proximity effect [see Fig. 1(b)]. The proximity effect 
forces the current to the outside edge of each conductor, 
much as the skin effect forces the current to the outside 
surface of the single conductor. For systems with sev
eral closely spaced conductors, the change in the cur
rent distribution due to the prOximity effect can cause 
an increase in the Ohmic resistance of the conductors 
which is as large or larger than the skin effect resis
tance alone, i. e., larger than the Ohmic resistance of 
the isolated conductors. 

The skin effect in round conductors is discussed in most 
texts on electromagnetic theory. The proximity effect 
has received much less attention. Most of the theoreti
cal and experimental works on the proximity effect deal 
with two-wire systems where the wires carry equal cur
rents in opposite directions. 3-5 This geometry has a 
direct application to the problem of wave propagation 
along parallel wire transmission lines. The only inves
tigations of the proximity effect in systems with more 
than two conductors appear to be those done in conjunc-

tion with determining Ohmic resistance and Q of induc
tance coils. Of the theoretical treatments, Butter
worth's discussion of the alternating current resistance 
of cylindrical conductors and solenoidal coils is the 
most thorough. 6 His work is considered the standard 
theoretical approach and is summarized in several 
places. 7 The experimental work of Medhurst, however, 
indicates that Butterworth's calculations of the radio 
frequency resistance of coils are not valid over as large 
a range of parameters as expected; for certain dimen
Sions, errors as large as 190% were observed. 8 

In this paper, systems composed of various numbers of 
in-line parallel conductors with dimensions specified in 
Fig. 2 are analyzed. All the conductors have the same 
circular cross section and carry equal currents in the 
same direction. Only the high-frequency case in which 
the currents are confined to a thin layer near the sur
face of the wires is considered. 

II. HIGH-FREQUENCY FORM FOR CURRENT DISTRIBUTION 

At sufficiently high frequencies, the skin depth ds for a 
good conductor is a small quantity compared to the 
cross- sectional dimension and most of the current is 
confined to a thin layer near the surface. The magnetic 
field external to the conductor is approximately the 
same as the field of a perfect conductor of the same 
shape carrying an equivalent surface current. An ex
pression for the time-average power loss per unit sur
face area of the good conductor in terms of the surface 
current Ks on the perfect conductor is 

P~t1Rs11Ks12 W/m2 , (1) 

where 

RS = 1juds (2a) 

is the surface resistance and 

(2b) 

If the conductor is cylindrical and Ks is an axial current 
density, the power loss per unit length of the conductor 
is 

(3) 
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FIG. 1. (a) Skin effect in a single conductor. (b) Combination 
of skin effect and proximity effect in a system of two conduc
tors. The shaded area represents the distribution of current on 
the surface of the wire. 

where the integral is over the periphery of the conduc
tor. For the isolated circular cylindrical conductor of 
radius a, rotational symmetry applies. Equation (3) re
duces to the familiar "Rayleigh formula" for the high
frequency resistance per unit length of a circular con
ductor: 

2P R S 1 (WJ.1.o) 1/2 R- ---- -- 51 m 
R -Tf["Z - 21Ta - 21Ta 20' /, (4) 

which is valid provided a/ ds » 1. With more than one 
conductor present, the current distribution and external 
fields for each conductor are no longer rotationally sym
metric; therefore, (4) no longer applies. If the current 
distributions on the surface of the perfect conductors 
are sufficiently smooth, they can be represented by a 
finite number q of cosine Fourier series terms. On the 
mth conductor the current is 

Ksm(lJ)=2
Im 

g",(8)=....:.lIL2
1 

(1+tampcos(P8»), (5) 
1Ta 1Ta P=l 

where gm( 8) is the normalized surface current density. 
From (3) the power loss per unit length for a good con
ductor expressed in terms of the coefficients amp for the 
perfect conductor becomes 

(6) 

A study of the complete expression for the current den
sity in imperfectly conducting round wires indicates 
that (6), like (4), is only valid for small skin depths, 
specificallr 

a • (pdj2a)2 
d

s 
»1, 1-(P/2)2(d

s
/a) «1, p=1,2, .•. ,q. (7) 

The first term in (6) is the power loss in the mth con
ductor due to the net current 1m in that wire. This is the 
normal skin effect loss. The sum in (6) represents the 
loss due to nonuniform currents induced by other wires 
in the system. It is the additional loss in the mth wire 
due to the prOximity effect. Since the coefficients amp in 
the sum are a function of the net currents I". in all wires 
of the system, the equation for Pm cannot be written Pm 
= R".(~r..), where Rm is only a function of the physical 

parameters of the system. As a result, the usual cir
cuit definition of the Ohmic resistance of each wire (Rm 
=P"./~i!.) makes no sense. 

When all conductors carry the same total current at 
each cross section, the Ohmic resistance per unit 
length of the system of wires is a useful quantity. For 
n parallel wires this is 

(8) 

Normalized quantities are useful when comparing dif
ferent configurations of conductors. The normalized ad
ditional Ohmic resistance per unit length due to the 
proximity effect is 

" q 
& R-nRR =! ~~ lamp I2 Mm. (9) 
Ro nRR 2 m~lP"l 

III. FORMULATION OF INTEGRAL EQUATIONS 
FOR TRANSVERSE CURRENT DISTRIBUTIONS 

Consider each of the long parallel cylinders in Fig. 2 to 
be perfectly conducting. The surface current density on 
the Ith conductor is then 

K,W, z') = (1/21Ta)g,(8')f(z'), 1 = 1,2, .•. , n. (10) 

The dimensionless quantity g,(8') is the normalized sur
face current density. In (10) the same .0' dependence 
f(z') is assumed for the current distributions on all cyl-

2h 

II 
z' I 

11 
I 
I 

! I 
~ 

FIG. 2. Parallel wires of circular cross section carrying equal 
currents in the same direction. 
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FIG. 3. Normalized surface current distribution on two wires 
for various wire spacings cia. 

inders. The conductors are composed of three sections: 
the length, z - d :!S z' :!S Z + d, and the two end sections, 
z + d :!S a' :!S h, - h :!S z' :!S Z - d. The following constraints 
are placed on the dimensions of the system: 

(11) 

where f30 is the free-space propagation constant. The 
current distribution at every cross section along the 
length z - d :!Sz' :!SZ + d is then approximately the same: 

The Helmholtz integral for the z component of the mag
netic vector potential at a point (r, e, z) just off the sur
face of the mth conductor is 

where 

R"" = [(z _ Z')2 + r!,]1/2 

= [(z - z')2 + 4(m _l)2~ + r2 + cr - 2ar cos( e - e') 
+ 4(m -l)e(r case - a cose') ]1/2. (14) 

An e-iwt time dependence is used. if terms of order f30d 
or less are neglected in the first integral, and 

(15) 

in the last two integrals, then (13) reduces to 

J. App!. Phys., Vo!. 43, No.5, May 1972 

x t (eXP{if3o[(Z - z')2.t 4(m _l)2e
2 

]1/2}) d 'J 
'.1 l(z - Z')2 + 4(m _l)2c2]1/2 Z. 

(16) 

The first integral can be evaluated directly. The result 
is 

+ 47Tn In(2d) + A~,,(z) ) • 

The term A~,,(z) represents the last two integrals in 
(16). 

(17) 

The normalized surface current denSity is given by the 
boundary condition 

(e)--~ aA", .. (r, e,z) I 
gIll - lloIf(z) fir r.a· 

(18) 

The next step is to substitute the approximate expres
sion for the vector potential (17) into (18) to obtain 

g (e)':'..!.. (lim{' g "'( e'H l' - cos( e - e')] de' 
m -271' T~1 r+1-2'Tcos(e-e') 

9':-1' 

+ r' t [1 + 2(m -l)(e/a) co~9 ~ cos(9 - 9'»)gM') de') , 
J 8'.-. h1 (r "',) 

'''m 

where 

T=r/a, 

r~,= [4(m -l)2(e/ a)2 + 2 - 2 cos(e - e') 

+ 4(m -l)(e/ a)(cose - cose') ]1~. 

(19) 

(20) 

The first integral, which represents the self-term, is 
indefinite when 1'= 1; therefore, the order of the limit
ing and integration processes are not interchangeable. 
For values of l' near unity the integrand has the behav
ior 

integrand - t:./(t:.2 + ez) + i, t:. = T- 1« 1. (21) 

If this is compared with the following definition of the 
Dirac 0 function 

o(e) =.!.lim ~ , 
71' 11.-0 t:.- + t1" 

it is evident that in the limit the integrand becomes 

integrand = 7TO(e) +t. 

(22) 

(23) 

Substitution of (23) into (19) and subsequent rearrange
ment yield 

gm(e)=1+.!.S· tKm /(8, e')g/(8')d8', 
1T hl' 

9"=-. 11m 
where 

(24) 

K"",( e, 8') = [1 + 2(m - Z) (e/ a) cose - cos(e - e') 11 (r ~,)2 • 

(25) 

Symmetry about the center of the system of wires re
quires gn+1_m(e) == gm(7T - e), which reduces the number of 
terms in (24) to in for n even or i(n + 1) for n odd: 
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FIG. 4. Normalized surface current distributions for (a) three 
wires and (b) six wires. 

m=1,2,· .. ,in; 
n odd: 

gm( e) = h<;;) f' Km,n+l-m(l), 'IT - e')gm(e') de' 
9'=-1' 

( 
1 (n-1) '2f F 

+ 1 +17 E [Km)O, 0')+ Km ,n+l_'(O, 'IT- O')]gr(O') dO' 
Z~m (;'=-r 

m = 1, 2, ... , -i(n + 1), (26b) 

where 

h(m)=O, m=i(n+1). (27) 

Equations (26a) and (26b) represent, respectively, a 
system of tn and t(n + 1) coupled integral equations 
whose solutions are the desired surfaGe current densi
ties gm(O). 

IV. SOLUTION FOR TWO CONDUCTORS 

A problem in differential form equivalent to the integral 
formulation (26a) and (26b) involves the solution of the 
two-dimensional Laplace equation 

(28) 

for the axial component of the vector potential in the re
gion exterior to the conductors. The normalized surface 
current density is then determined from 

gJO) = _ 2'ITa aA., , 
J.lr/ arm rm=a 

(29) 

where r m is the radial distance from the center of the 
mth cylinder. This problem is mathematically identical 
to the electrostatic case in which the wires carry equal 
charges rather than currents. The eledrostatic problem 
for two circular conductors was first solved by Whipple 
using a conformal mapping technique. 9 In the context of 
the present problem the solution isl 

g(8) 

with 

2(1 + k)K(k) 
--'---'---'-":" cschQ(coshQ - cosu) 

'IT 

d (
1+k)K(k) 2Jk) 

x n 'IT U, 1 + k ' 

. _l(sin8 SinhQ) 
U=Slll ,-c/a+cos8 ' Q = In! (2 a 2)1 /2\ , 

\c - c -a J 

(30a) 

(30b) 

dn is a Jacobi elliptic function and K(k) and iK'(k) are 
the real and imaginary quarter-periods of the elliptic 
function. Figure 3 is a graph of the normalized current 
distribution for various wire spacings cia. The afore
mentioned crowding of the current neal' the outside 
edges of the wires due to the proximity effect is evident. 
The normalized additional Ohmic resistance per unit 
length due to the proximity effect is 

R (2K) 2 [ (E(K k) k'2)] ~= IT 2ctnhQ -t--T -(1+2csch2 Q), 

(31) 

where E(K, k) is the complete elliptic integral of the 
second kind and k,2 = 1 _ k2 • 

V. APPROXIMATE SOLUTION OF INTEGRAL EQUATIONS 
FOR TWO OR MORE CONDUCTORS 

For systems with more than two circular conductors a 
solution in closed form like (30a) for the two-wire case 
is unavailable. Approximate methods must be used to 
obtain the current distribution and resulting Ohmic re
sistance per unit length of the system. In this section 
one such method, undetermined coeffiCients, is applied 
to the previously derived system of integral equations 

J. Appl. Phys., VoL 43, No.5, May 1972 
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N = Number of Wires 

Rp Rp = Added Resistance due to Proximity Effect 

Ro 1.5 Ro = Resistance Neglecting Proximity Effect 

0.5 

0.L===+===~~~ 1.0 1.5 2.0 3.0 4.0 5.0 
spacing c/o 

FIG. 5. Additional Ohmic resistance per unit length of a 
system of parallel wires due to the proximity effect. 

(26a) and (26b). As suggested in Sec. II, a trigonometric 
series is the natural choice for an expansion to repre
sent the normalized surface current density: 

q 

gm(B) = 1 + ~ amP cos(P8). (32) 
Pal 

Further evidence for this selection is found by examin
ing the exact solution for two wires. A Fourier series 
analysis of the current distribution (30a) for the limit
ing case e/a= 1 indicates that the first two cosine terms 
in the series are adequate to predict the additional loss 
due to proximity R/ Ro to within 1 %. For large spac
ings, e/ a» 1, the current distribution is of the form 
1 + a cosB as seen in Fig. 3. This last statement is also 
true for systems with more than two wires and is easily 
understood if the magnetic field due to external currents 
is considered as constant over the cross section of each 
conductor. The magnetic field Bmy normal to the axis of 
the mth conductor in a system of n conductors would be 

B ,; Ilol t _1_ 
my 41Te 1=1 m -l . 

101m 

The resulting current distribution becomes 

(
a' 1) gm(9)';1+ -~--l cosB. 
er..l m-

101m 

(33) 

(34) 

Now, the substitution of (32) for gm(B) in (26a) and (26b) 
yields 

n even: 

tamp (_ cos(pB) + (-1)1> (r K m,lI+l_m(9, B') cos(pB') d8'\ 
1>=1 1T )",.-r / 

./2 . q (lLr + ~ ~ all> - [Km,/(8, B') + (-1)PKm , •• 1_/(8, B')] 
/.1 p=l 1T 8' =-r 
101m 

x cos(p B') d 8') 

1 ir ( ./2 ==- Km,,,.l_m(B,B') + ~ [Km•/(8, 8') 
1f 9'=-" '=1 l,pm 

J. Appl. Phys., Vol. 43, No.5, May 1972 

m = 1, 2, ... , ~n, (35) 

where the same number of harmonic terms q is used to 
represent the surface current on all conductors. For 
the sake of brevity, only the n even case is examined. 
The definite integrals in (35) are of the form 

1(8, m -l,p) = (l/1T) J;'a_r [1 + 2(m -l)(e/a)cos8 

- (cos8 cos8' + sine sin8')] cos(p8') d8' 

x {4(m -l)2(e/ a)2 + 2 + 4(m -l)(e/ a) cosB 

- [4(m -l)(e/a) + 2 cos8'] cos8' 

- 2 sinB sin8,}-1. (36) 

An exact evaluation of this integral yields 

I(B, m -l,p) 
1 2 

(1- s2)(_ s)P+1 (As + Bs + C), 

p=1,2, ... ,q 

-1 
s(l- S2) (Bs + C), p = 0, (37a) 

where 

s= [4(m-l)2(e/a)2+ 1 +4(m -l)(e/a) cose]l/2, (37b) 

A=cos[B- (p -1)l/J], (37c) 

B= 2[1 + 2(m -l)(e/ t9cos8] cos(Pl/J), (37d) 

C=cos[B+(p+1)l/J], (37e) 

l/J t -l( sin8 ) m -l=l, 2, ... , 
= 1T - an 2(m -lHe! a) + cosB ' 

(37f) 
t -\ - sin8 ) m -l = - 1, - 2, .... = an 2(m -lHe/ a) + cosB ' 

With this notation (35) becomes 

TABLE 1. Normalized additional Ohmic resistance per unit 
length due to the proximity effect RpiRo. 

Numbers of conductors 
cia 2 3 4 5 6 7 8 

1.00 0.333 
1. 05 0.316 0.743 1. 231 
1.10 0.299 0.643 0.996 1. 347 1. 689 2.020 2.340 
1.15 0.284 0.580 0.868 1.142 1.400 1. 643 1. 872 
1. 20 0.268 0.531 0.777 1.002 1. 210 1.401 1. 577 
1. 25 0.254 0.491 0.704 0.896 1.068 1. 224 1. 365 
1. 30 0.240 0.455 0.644 0.809 0.956 1.086 1. 203 

1.40 0.214 0.395 0.546 0.674 0.784 0.880 0.965 
1. 50 0.191 0.346 0.470 0.572 0.658 0.732 0.796 
1. 60 0.173 0.305 0.408 0.492 0.561 0.620 0.670 
1. 70 0.155 0.270 0.358 0.428 0.485 0.532 0.573 
1.80 0.141 0.241 0.316 0.375 0.423 0.462 0.495 
1. 90 0.128 0.216 0.281 0.332 0.372 0.405 0.433 
2.00 0.116 0.195 0.252 0.295 0.330 0.358 0.382 

2.20 0.098 0.161 0.205 0.239 0.265 0.286 0.304 
2.40 0.082 0.135 0.170 0.197 0.217 0.234 0.247 
2.50 0.077 0.124 0.156 0.180 0.198 0.213 0.225 
2.60 0.071 0.114 0.144 0.165 0.182 0.195 0.206 
2.80 0.061 0.098 0.123 0.141 0.154 0.165 0.174 
3.00 0.054 0.085 0.106 0.121 0.133 0.142 0.150 
3.50 0.040 0.062 0.077 0.087 0.095 0.101 0.106 
4.00 0.031 0.048 0.058 0.066 0.072 0.076 0.080 
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FIG. 6. Ohmic resistance as a function of the wire radius a 
with the depth of winding l fixed. 

q 

'E amp[- cos(p8) + (-1)"1(8, 2m - n - 1,p)] 
p=l 

nl2 q 

+ ~ 'Ea IP [/(8, m -l,p) + (- Wl(~ m +1- n-l,p») 
1=1 P=1 
1'10 .... 

n/2 

=- (/(8, 2m - n-l, 0) + ~[/(8, m -I, 0) 

+ 1(8, m + 1- n -1,0)]), 

m=1,2, ... , ~n. 

I*m 

(38) 

This is a set of ~n equations, one for each conductor, 
involving tqn unknowns (amp), the coefficients of which 
are functions of the variable 8. In order to solve the 
system, a set of ~qn conditions is necessary. One pro
cedure which yields such conditions is the method of 
least squares in which the amP are chosen in a manner 
such that (38) is satisfied in a least-squares sense over 
the interval O:s 8 S 11'; thus, 10 

iF (t amp[ _ cos(p8) + (-1)1'/(8, 2m - n - 1,p)] 
1/20 p.1 

nl2 q 

+ ~ E a,P[I(8, m -l,p) + (-1)1>1(8, m+l-n-l,p)] 
1.1 1>:1 
l*m 

+ 1(8, 2m - n - 1, 0) 

n/2 ~ 2 
+ ~ (I(~ m -I, 0) +1(8, m+l-n-l, 0)] de 

1.1 

''''m 
= minimum, m=1,2, ... , ~n. (39) 

When the left-hand side of (39) is differentiated with re
spect to each coefficient amP and the results are set 
equal to zero, the result is 

tamp (11' /2)B(k - p) - f [(- 1)1' cos(k8}/(8, 2m - n - 1,p) 
1>=1 9.0 

+ (- l)k cos(p8)/(8, 2m - n- 1, k) 

- (- l)P+k/(~ 2m - n - 1,P)/(0, 2m - n-l, k)]dO) 

n/Z q 

+ 'E 'E aIP (- J;.o [cos(k8) - (- l)h](ll, 2m - n -1, k)] 
1~1 p.l 
l*m 

x [](8, m -l,p) + (- 1)1>](8, m +1- n -1,P)]d8) 

= ~:o [cos(k8) - (_l)k](O, 2m - n -1, k)] 

( 

n/2 

X ](0, 2m - n - 1, 0) + E [I(O, m -I, 0) 
1.1 
l*m 

+/(0, m +l-n-l, O»))dO, 

which can be written 

(40) 

(41) 

In matrix form, the system of algebraic equations (40) is 
now 

Tu T12 T 1,n/2 Al Sl 

TZI T2z Tz•n/Z A2 Sa 

, (42a) 

Tn / Z,l Tn/ 2,2 Tn/2,n/2 AnI Snl2 

where 

41 tf2 ttq 
ti} 

11 
ti} 

12 
to 1q 

t~1 t~2 t2q t ii 
21 

tii 
22 

ti} 
2« 

Tii= 7ij= , (42b) 

t~1 t~ t!q tli q1 t'i «2 tli qq 

TABLE n. Conductor spacings for minimum resistance. 

Number of all cia 27rlRIRs 
conductors n 

2 0.250 1.00 5.33 
3 0.148 1.19 10.41 
4 0.098 1.37 16.07 
5 0.071 1. 50 22.01 
6 0.056 1. 59 28.10 
7 0.046 1.66 34.30 
8 0.039 1.71 40.57 

1. Appl. Phys., Vol. 43, No.5, May 1972 
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(42c) 

The definite integrals that appear in the elements of the 
T and S matrices were performed numerically and the 
resulting matrix equation (42a) was solved for the coef
ficients amP' 

The number of harmonic terms used for the current dis
tribution on a given system of conductors was deter
mined by observing the normalized resistance RJRo• If 
increasing the number by two produced less than a 
0.10% change in RJRo, the number of terms was 
deemed sufficient. The normalized surface current den
sities g( 0) for systems with 3 and 6 conductors with var
ious spacings (c/a) are plotted in Fig. 4. Note that 
there are both positive and negative currents on the sur
face of the outer conductors when the conductors are 
closely spaced. These currents in opposite directions 
add nothing to the net current in the wires; they just in
crease the Ohmic loss. In Fig. 5 and Table I, the addi
tional Ohmic resistance due to the proximity effect (9) 
is plotted against the conductor spacing (c/ a) for sys
tems with up to 8 conductors. The proximity effect is an 
important factor in determining the resistance; for 
close conductor spacings it can increase the resistance 
by an amount as large or larger than the skin effect re
sistance of the isolated conductors. The curves present
ed in Fig. 5 were all obtained using six or fewer har
monic terms in the series for g( 0). These results will 
be valid for conductors with parameters which satisfy 
the following inequalities [from (7)]: 

3:.. »1 
d ' s 

9(d/a)2 «1 
1- 9(d)a) . 

(43) 

These conditions are met by most wire sizes used in 
practical antennas operating at frequencies above 1 
MHz. 
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FIG. 7. Block diagram of the 
current-measuring equipment. 

In certain applications a given number n of parallel in
line conductors must fit within a specified length 1 (see 
Fig. 6). It is of interest to ask for which wire radius a, 
or spacing c/ a, the resistance of the wires is a mini
mum. If there were no proximity effect, the skin effect 
resistance would be minimized with as large a radius of 
the wire as possible (a;; 1/2n). With the prOximity effect 
present, increasing the wire radius increases the loss 

Wire 1, c/a = 2.5 

9(8) 

1.0 

--Theoretical 

o Measured pOints 

-1.0 

FIG. 8. Measured and theoretical surface current distributions 
for four wires. 
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FIG. 9. Measured and theoretical surface current distributions 
for five wires. 

due to proximity and a minimum resistance point is 
reached where the decrease in skin effect loss is just 
balanced by an increase in proximity loss. In Fig. 6 the 
dimensionless quantity 2rrlRlrR.&, which is proportional 
to the total Ohmic resistance per unit length of the sys
tem of conductors, is plotted against the normalized 
wire radius all. The points of minimum resistance are 
clearly exhibited in Fig. 6 and the corresponding con
ductor spacings are listed in Table II. 

VI. EXPERIMENTAL INVESTIGATION 

Apparatus was constructed for measuring the trans
verse distribution of current on a system of parallel 
round wires. The wires were modeled by long copper 
tubes interconnected with wire braids to carry equal 
currents in the same direction (see Fig. 7). The cur
rent distribution was measured by sampling the trans
verse magnetic field with a small loop probe mounted 
on one of the tubes. This tube was interchangeable with 
the other tubes in the system. At 100 kHz the 1 i-in. 
copper pipes are about 200 skin depths in diameter and 
20 skin depths thick; thus, they are a good approxima
tion to solid conductors with axial currents confined to 
a thin layer near the outside surface. A full description 
of the apparatus and experimental procedures is given 
elsewhere. 2 

Theoretical and measured current distributions are giv
en in Figs. 8 and 9 for four- and five-wire systems with 
various spacings (cia). Agreement between theory and 
experiment is seen to be very good. 

VII. CONCLUSION 

Systems of equally spaced in-line conductors carrying 
equal currents in the same direction have been studied. 
A set of integral equations was formulated to determine 
the transverse distribution of axial current at high fre
quencies when the current is confined t.o a thin skin near 
the surface of the conductor. An approximate solution of 
the integral equations for the current was obtained in 
the form of a trigonometric series. For two wires the 
approximate solution for the current showed good agree
ment with an exact expression obtainedl by a conformal 
mapping procedure. With the current distribution deter
mined, the high-frequency resistance per unit length of 
the system was calculated for various numbers of con
ductors and spacings . 

Only cylinders carrying equal currents in the same di
rection were considered. With a simple scaling of har
monic terms on each conductor the present theory could 
handle systems of wires with different currents in each 
wire. Such a solution would be useful for making com
putations for multiwire transmission lines where the 
wires carry currents with equal magnitude but in oppo
site directions. 
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