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CoNcLusIONS

The principal advantage of the cable load over commer-
cial loads is its much greater linearity. Therefore, it is
specifically recommended for use in systems tests where
precise harmonie measurements are important. In general,
a cable load is practical and even advantageous for use in
the HF, VHY, and UHF frequency ranges, provided that
power requirements at upper VHEF and at UHF fre-
quencies are not too high. The inherent simplicity of the
cable load allows it to be more readily available than com-
mercial loads. A considerably greater number of suppliers
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stock cables rather than dummy loads. The majority of
cables found in the laboratory do not contain Copperweld
or ferromagnetic Nichrome center conductors, and thus are
suitable for linear dummy loads.
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Predicting the Magnetic Fields from
a Twisted-Pair Cable

J. RONALD MOSER, MEMBER, IEEE, AND RALPH F. SPENCER, JR., MEMBER, IEEE

Abstract—A theory that predicts the magnitude of low-frequency
magnetic fields near a current-carrying twisted-pair cable is de-
veloped. By asymptotically expressing the theoretical results, it is
shown that the magnetic fields from a twisted-pair cable of pitch
distance p decrease exponentially with the radial distance from the
center of the cable. The asymptotically expressed result is verified
experimentally for a radial distance as large as (3/2)p. At such a
distance, the maximum fields from the cable are shown to be 50 dB
below that from a two-wire line (two parallel wires), even though
both the cable and the wire line are carrying the same amount of
current,

INTRODUCTION

HE TWISTED-PAIR (twisted-wire) eable has long
been used to localize stray magnetic fields of low
frequency. An extensive quantitative study of low-fre-
quency magnetic fields near a current-carrying twisted-
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pair cable has not appeared primarily because of the
complexity of the fields. However, qualitatively, its be-
havior is reasonably well understood.

The need for a quantitative study of the twisted-pair
cable exists. In certain situations one must decide how
closely such a cable can be placed near other cables without
sustaining an intolerable amount of interference. Quanti-
tative prediction is becoming more important as systems
become more complicated and space becomes scarcer.

The twisted-pair cable can be represented mathemati-
cally as a double helix, but the magnetic fields from the
helix cannot be described simply. Because the current
elements from the cable constitute a complicated spatial
orientation, it is hard to obtain a simple useful model for
such a cable. Alksne [1] did derive a model, but it utilized
the following two assumptions that precluded using it
for practical interference predictions.

1) The pitch distance p is much greater than the
radius e of the twisted pair. (This assumption was used to
justify neglecting the » and 8 components of the current
and hence the z component of the magnetic field. However,
experimental results have shown that a significant z
component of the magnetic field exists for a twisted-pair
cable.)

2) The distance from the axis of the twisted-pair cable »
is much greater than a. (This condition is not necessarily
true in practice.)
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It is the purpose of this paper to provide a method
without limiting assumptions for a more accurate calcula-
tion of the magnetic fields from a twisted-pair cable and to
verify these fields experimentally.

THEORY OF THE TwISTED-PAIR CABLE

A realistic model for a twisted-pair cable is an infinitely
long bifilar helix! (Figs. 1 and 2) that consists of two
helices having the same radius and pitch; the helices are
lIocated 180 spatial degrees from each other. The electro-
magnetic fields for a single helix of infinite extent have been
calculated by Sensiper [2]. In his calculations, he assumed
that: 1) the helical wire can be represented by an infinitesi-
mally thin current element, and 2) the effect of insulation
on the wire was negligible. Both assumptions are not
limiting at the low frequencies of interest here.

When Sensiper’s? calculations are followed, the magnetic
vector potential at low frequencies for the first helix 4, in
a cvlindrical coordinate system is
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where
a = helix radius
2mwa
cotvV= — =g
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7 = helix current
1,(X). Ku(X) = mth order modified Bessel functions of
first and second kinds, respectively

p = helix pitch distance
r = radial distance from axis of twisted-
pair cable
M = !m cot \I/l = |mq|
uo = free space permeability
¥ = helix pitch angle.

! This model was suggested by Dr. M. Kaplit, Moore School
of Electrical Engineering, University of Pennsylvania, in a private
cominunication. o

* Sensiper calculated the Hertzian electric potential instead of the
magnetic vector potential.

+L

-k )

— >—
NN TN TN
S N .

x'=-a

X -

x'=+a 2K j
\
\
(I
/|
{
|
+y
Fig. 1. Bifilar helix model of twisted-pair cable. a—helix radius;

p—helix pitch distance.
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Fig. 2. Top and side views of bifilar helix model. a—helix radius;
cot ¥ = 2ra/p: p—helix pitch distance; ¥—helix pitch angle.

The magnetic veetor potential for the second helix A
can be derived from A4,(i, 8, 2) by substituting —< for 4%
and by replacing ¢ by 6 &= = (or, equivalently, replacing 2
by z & (p,2)). Mathematically, this procedure corresponds
to the one used in the following equation:

A-g()'. 6, 2) =

- —A (r, 9,z + g) 2

—Ai(r, 0 = 7, 2)
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The total magnetic vector potential produced by the
bifilar helix current is 4; = 4, +— 4. Since 71—, = 9,
I——n(X) = In(X)) and K_,(\) = K,,(X), Ar = arATr +
@Ar, + a,Ar,, where
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The magnetic-field components are found from B =
V X Ay, which yields the following results:
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and
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CALCULATIONS

A computer program was written to obtain numerical
results for B, as a function of radial distance ». The peak
amplitude of B, was seen to be an approximate exponential
function of . As r increased, the approximation became
better.

The computer subroutine for caleulating 7 (a} und Ki(3)
was limited by 8 < 88. For our calculations

7 2qr
= (2m + l)q(—l = (2m + 1) —p— < S8 9)

or, equivalently,

@m+ hr <! )

As 7 increased and the exponential approximation became
closer, fewer terms were included in the final result.
Therefore, the first term (m = 0) appeared to be the
dominant term. We set m = 0 and then sin [6 — (27 p)z]
= 1in (6) and used the asymptotic expression for K(3)
lim K,(8) = \/l (e (10)
B> 26
Thereby, a closed form was obtained for the maximum
radially directed flux density

B,(max) ~ 2t {1 L(g)

+ - [IO(Q) + 1x(q)] } PRty

2 (11)

where the symbols are as defined in Figs. 1 and 2.
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For typical values of ¢, i.e., 1/20 < ¢ < 2/3, I,(q) is the
dominant term, and (11) reduces to (MKS units)

B.(max) = % ol o(q)e @/

(12)
When setting m = 0 and then cos [§ — (2x/p)z] = 1 in
(7) and (8), the same result applies for By(max) and
B,(max). Realizing that for ¢ < 2/3,
. . (g/2)*
= 22 —_—_
Il =1+ (g2 + 21 +
and taking 20 logy, of both sides and arranging the terms
in order of descending importance, we obtained for the
maximum flux densities

5450 — 20 logy (1—>
p a

— 30 logpp — 10 logyy r + 9.8 (13)
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where

a =
B, 4. {max) =

radius of helices in inches

maximum 7, §, or z directed magnetic flux
density per ampere of current in decibels
relative to 1 gauss

pitch distance of twisted-pair cable in
inches

» = radial distance from axis of twisted-pair
cable in inches.

»=

From the sinusoidal multipliers in (6)—(8), it is evident
that for By and B, maximum, B, is minimum. Conversely,
for By and B, minimum, B, is maximum.

It ix interesting to compare the maximum fields from
the twisted-pair cable with those from a two-wire line.
Rather than analyze (6)-(8) in the limit as p - =, a
much more straightforward approach exists and is pre-
sented in the Appendix. The results of this approach are

,uol'a
.- = T 9

x(r + a2)’

Hold
T oa? — @)

B, =0 (14)

where the field values apply at the points shown in Fig. 3
and where 4 is the half-wire spacing, center to center, and
 is the radial distance from the center of the wires.

By forming the ratio of B, from (12) and (14), we ob-
tained

B.itwisted-pair cable)
B.(two-wire line)

P 3/2 — @) _
< 2x2 ) P (15)

which is valid within 10 percent for » > 3a and ¢ < 2/3.

Fig. 4 is a graph of 20 logy [B,(maximum twisted-pair
cable).'B.(two-wire line) ] versus the ratio of radial distance
to pitch distance over the range of the variable /p in (12),
for which experimental verification has been obtained (see
the following section).

To verify the numerical results, two 10-foot plastic rods
were machine grooved to coincide with the model shown

327

Fig. 3. Magnetic fields from two-wire line.
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Fig. 4. Comparison of maximum radially directed flux densities

from twisted-pair cable of pitch p and two-wire line.

in Fig. 1. One rod was 1 ‘4 inch in diameter and had a 3-
inch piteh length; the other rod was 1/2 inch in diameter
and had a 6-inch piteh length.

ExpErRIMENTAL RESULTS

Each twisted-pair cable was formed by laying a no. 18
copper wire in each groove and then passing a known rms
level sinusoidal current through the cable.

The magnetic flux density was measured with an AT-
207 1/2-inch-mean-diameter loop probe coupled into a
low-noise preamplifier and narrow band analyzed with a
Hewlett—-Packard model 302A wave analyzer. The re-
ceiving system was calibrated at each test frequency (1 to
10 kHz) with a Helmholtz coil.

Figs. 5 and 6 are plots of experimentally obtained
B, 5 .(max) versus radial distance r for each cable. Plots of
(13) and (14) are included in these figures for comparison
with the experimentally obtained data. The experimental
data for B, and B, agree well (over a limited range) with
(13), the asymptotically-expressed sharply truncated
version of (6) and (8). Agreement between experimental
data for B, and (13) iz not so close.

Apparently, for radial distances less than one third of a
piteh, the expressions for a two-wire line (14) approximate
the maximum field component B,(max) for a twisted-pair
cable more closely than does (13). Of course, B, cannot
strictly be approximated in this way since it does not
exist (at low frequencies} near the two-wire line. Agree-
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ment between experimental data and duata caleulated for
B, and B, from (13) is good for the following range of the
variable r:

«

!%
P (16)

2

[

?; p<ir<
Beyond this radius, the experimentally obtained field
levels were generally well above the predicted levels, and
the sinusoidal variation with z (or 8) no longer existed.
There are three possible reasons for this {given in order of
decreasing likelihood), although none of the three could be
definitely established:

1) data affected more at larger radial distances by slight
variations in p and a along the twisted-pair cable,

2) data contaminated by end effects,

3) spurious leakage of field from equipment or building
reflections.

Possibly, since we were looking at small ditferences in
relatively large fields, the retardation effects, which have
been neglected in deriving (6)—(8) and are. in fact, ex-
tremely small in the frequency range of interest, accounted
for the lack of agreement between the experimental and
the theoretical results. To check this, data were obtained
at 1 and 10 kHz, and it was found that differences between
the theoretical and the experimental results were inde-
pendent of frequency within the frequency range of
interest.
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The lack of agreement between experimental data for
B, and (13) is not considered important, since B, (from
the experimental data) is the weakest of the three com-
ponents.

CONCLUSIONS

It has been shown that the maximum magnetic flux
density from a twisted-pair cable decreases exponentially
with radial distance from the cable according to the
approximate relationship

— 27/ p)r

Bmax) = f(uyia) ;}—7 ;
-

This result has been verified experimentally within a
somewhat limited range for the two dominant field com-
ponents B, and B,. The field B(max) is a critical function
of p,; decreasing p (tighter twist) increases the rate of field
attenuation with r. At a radial distance equal to 32 of
the pitch distance p, the maximum field levels for B, and
B, are 50 dB below the field from a two-wire line carrying
the same amount of current.

Experimental results (verified in several independent
experiments) show that generally it is not possible to
observe the theoretical attenuation at greater distances
due to effects attributed to deviation from the theoretical
model of the actual model. These deviations can be ex-
pected to be present in any practical installation.

Tor radial distances less than 1/3 the pitch distance p
(in the region where the asymptotic expression for (t)-(3)
becomes invalid), the maximum fields can be ealculated
by using the equations for the magnetic field from a two-
wire line,

APPENDIX

CALCULATION OF A QuasisTATIC MAGNETIC-F1ELD
CoMPONENT GENERATED BY A Two-WiRE LiNE

Consider the case when r/A << 1. The magnetie-tield
component generated by a two-wire line can be ealculated
using Iig. 3. For a single wire at quasistatic frequencies

SH-dl =

z

H =

27

CALCULATION OF B,

By the rules of vector addition, it can be seen that

B, = 2B, cos 8
but
cos 6 e
0sf = -
(a2 + ,.2)1/2
Therefore,
7 7
B, = Mot M (2 + a?) -1
211'7’1 271'
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and

CALCULATION OF B,

By the rules of vector addition, it can be seen that

/1
Be=32_31=f“!l<_1>

) 1

and when r, — a = r = 1, + a, we find that

Kola
By= —
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