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I. INTRODUCTION

Random cable bundles as described in this report are groups of wires
(cylindrical conductors) in which the relative wire positions are unknown and
vary in some uncontrolled fashion along the cable length. These cable
bundles result from the need to contain wires connecting electronic equip-
ments in compact groups. Current practice in the avionics industry is to
group wires into these random bundles although the use of ribbon cables (in
which wire position is carefully controlled) is increasing [1]. These
random bundles can be quite large and no attempt is made to control the
relative wire positions within the bundle.

Wire-coupled interference (crosstalk) in cable bundles results from the
unintentional coupling of signals from one circuit into another by virtue of
the electromagnetic interaction between wires in the same cable bundle. The
ability to predict this crosstalk is obviously quite important in determining
overall system compatibility, i.e., will the system performance be degraded
to an intolerable level by this interference.

The seemingly obvious approach to this problem is the use of uniform,
multiconductor transmission line (MTL) theory to model the cable bundle [1].
However, this model requires that the wires be parallel to each other along
the entire cable length and their relative positions, of course, must be
known and should not vary along the cable length [1]. Random cable bundles
do not satisfy these criteria. Another difficulty inherent in the application
of the MTL model is the computation time required to obtain the response at
each frequency [1]. Determining the response of a large number of closely
coupled wires at a large number of frequencies can be quite time consuming

even on a modern, high~speed digital computer [1]. Furthermore, in cases



where the cable responses are sensitive to variations in relative wire
position,then it may be impossible to obtain predictions with any extreme
degree of accuracy in random cable bundles. A more reasonable approach would
seem to be the use of simpler models which bound or at least estimate these,
perhaps sensitive, cable responses.

It is with the above considerations in mind that the prediction of cable
coupling in random cable bundles is investigated in this report. In Chapter
1I, the MTL prediction model as well as a simpler model for estimating
random cable bundle responses are described. Chapter ITI describes an in-
vestigation of the sensitivity of the cable responses to wire position. The
results are obtained by using the MTL model and varying the wire positions
for a 13 wire cable above a ground plane, In Chapter IV, an experimental
investigation of the 13 wire cable used in Chapter III is described and the

sensitivities to wire position uncovered in Chapter IIT are verified.
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IT. PREDICTION MODELS

;j-) In this Chapter, two models for predicting cable coupling will be
described. The first model is the Multiconductor Transmission Line (MTL)
model. This model is exact in the sense that all interactions between the
wires in the cable bundle are considered, and the distributed parameter
representation (assuming the TEM mode of propagation on the line) is used.
The second model (referred to as the BOUND model) is an approximation of the
MTL model. The BOUND model is a specialization of the MTL model in which
only the generator and receptor circuits are considered. The effects of

the remaining parasitic circuits are neglected in an attempt to achieve

an upper bound estimate of the cable responses.

2.1 The Multiconductor Transmission Line (MTL)Model

The MTL model is described in detail in Volume I of this series [1]
and in reference [2]. 1In this section, a brief review of the MTL model
will be given and the reader should consult Volume I [1] or reference [2] for
further details.

If the line is immersed in a homogeneous medium, e.g., bare wires in
free space, the fundamental mode of propagation is the TEM (Transverse
Electro-Magnetic) mode. If the line is immersed in an inhomogeneous medium,
e.g., wires with circular dielectric insulations surrounded by free space,

. the fundamental mode of propagation is assumed to be the "quasi-TEM" mode.
The essential difference in these two cases is as follows. For lines in
a homogeneous medium, the TEM mode assumption is legitimate. For lines in
an inhomogeneous medium, the TEM mode cannot exist except in the limiting
case of zero frequency (DC). However, for the inhomogeneous medium case, the

assumption is made that the electric and magnetic fields are almost transverse
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to the direction of propagation, i.e., the mode of propagation is almost TEM.
With the assumption of the TEM mode or "quasi-TEM" mode of propagation,

line voltages and currents may be defined. Consider a general (n + 1)

conductor, uniform transmission line shown in Figure 2—1.1’ The (n + 1)st

or zero-th conductor is the reference conductor for the line voltages. For

sinusoidal, steady-state excitation of the line, the line voltages,]/;(x,t),

(with respect to the reference, the zero-th, conductor) and line currents,

9, (x,t) ,are

Y (x,1) =V, () eIt (2-1a)
jwt
I, () = I, (x) e’ (2-1b)
for i = 1, ———, n where Vi(x) and Ii(x) are the complex, phasor line voltages
and currents. The current in the reference conductor satifies
n
9, Gx,t) = -I &i(x,t) (2-2a)
i=1
n
Io(x) = =% Ii(x) (2-2b)
i=1

The MTL equations can be derived from the per—unit-length equivalent
circuit in Figure 2-2 and are a set of 2n, complex-valued, first order,
ordinary differential equations

a [ve] __ P E [ |ym], [y
dx I(x) Y O I(x) 1°(x) (2-3)
— ~ o~ — =s
A matrix M with m rows and p columns is said to be mxp and the element

in the i-th row and j-th column is designated by [If]ij with i=1, --—, m and

1 . . . .
The line is considered to be uniform in the sense that all conductors are
parallel to each other and there is no variation in the cross sections of the

conductors or the surrounding medium along the line axis (x direction) [1].
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Figure

2-1. An (n+l) conductor, uniform transmission line
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Figure 2-1. An (n+l) conductor, uniform transmission line.
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j=1, ---, p. The matrix mgp is the mXp zero matrix with zeros in every -
position i.e., [mgp]ij = 0 for i=l, ---, m and j=1, -——, p. The complex- ul
valued phasor line voltages with respect to the reference conductor ( the
zero-th conductor), Vi(x), and line currents, I;(x), are given by
[V(x)]; = V;(x) and (1], = L, ).

The n¥Xn complex—valued, symmetric matrices, Z and X, are the per-unit-
length impedance and admittance matrices of the line, respectively. Since
the line is assumed to be uniform, these matrices are independené of x.

These per-unit-length matrices are separable as

Z

~

gc + JwEC + juwL (2-4a)

Y = G + jwC (2-4Db)

where the nXn real, symmetric matrices RC, Lc’ L, G, C are the per—unit-
length conductor resistance, conductor internal inductance, external in-
ductance, conductance and capacitance matrices, respectively. The entries

in these matrices may be straightforwardly obtained in terms of the elements

of the per-unit-length equivalent circuit in Figure 2-2 as

[Bc]ii =T, + L [IEC]ij =T, (2-5a)
i 0 . 0
i#j
[Ec]ii = lci + gco’ [%c]ij - gco (2-5b)
i#j
(Ll = % + %y = Imyge [Llyp = fg+myy = myg —myg  (2750) .
i#j
n
(35 =80 % 2 By 1835 = 7By (2-5d) :
Ji#. i#
i
n
(Clgy = ego * B eypr 180y = oy (2-5¢) )
Sy i#j
i#j

f@C



b

The nX1 column vectors,.zs(x) and IS(X) contain per-unit-length

equivalent voltage and current sources, [V (x)], =V (x) and [I (x)]. =
—s i H ~s i
IS (x), which are included to represent the effects of the spectral com-
i
ponents of incident electromagnetic field sources which illuminate the line.

These entries are complex-valued functions of frequency and position,x,
along the line. 1In this report, no external incident fields are considered

and these sources are set equal to zero, i.e., Ys(x) = ng and ls(x) = 0

1 n-1’

in all computations with this model.

The solution to (2-3) is

X
V(%) _ V(x.) AV (%)
[i(x{] B ?(X’Xo) [%(Xgi] + \}ﬁ o(x,x) | ~s ) dg
= XO IS (X)

_ V(x,) V(%)
= ?(X’XO) [é(xg?] + ;S(X)
I (),

(2-6)

where @(x,xo) is the 2nX2n chain parameter matrix (or state transition

matrix) and X, is some arbitrary position along the line x > x The chain

0°
parameter matrix can be partitioned as
o) (x,x.) @ (x,x.)
?(X’Xo) _f~11 07 <12 0 (2-7)
291 Goxp) 9, (x,%))

where @ij(x,xo) are nxn for i, j=1, 2., Thus (2~6) can be written as

V() = 0y 0xp) Vi) + &) (x,%0) I(xg) + V() (2-8a)

it

IG) = 9y, (x5%0) Vixy) + 290 (x) I(xp) + I (x) (2-8b)

The entries @ij(x,xo) are given by

~

° (x,x)) = 1/2 g'l T (gI(X‘Xo) + e‘X(x"xo)) 1y (2-9a)

o (xxp) =-1/2 g'lg z(ei(x'xo) - e'I(X'Xo)) 7t (2-9b)

~ ~



® Gexg) = <1/2 T (Y 7xg) L Yl 7L gl y (2-9¢)

® (ex) =1/27T Y %) 4 Y Gexg)y ol (2-9d)
where eI(x—XO) is an nXn diagonal matrix with [eZ(X—XO)]ii = eYi(x_XO) and
[eZ(X_XO)]ij =0 for i, j=1, -——, n and i#j. The matrix T is an nxn,

complex-valued matrix which diagonalizes the matrix product YZ as

Tl yzT = Yz (2-10)

where Y2 is an nXn diagonal matrix with [Yz]ii = Yi and [Yz]ij =0 for i,
j=1, -—-, n and i#j. The nXn characteristic impedance matrix, ZC’ is given
by

z =yl Y iz y"l 771

Zo (2-11)

The transmission line is of 1ength;i with termination networks at
x = 0 and at x =;fas shown in Figure 2-3. For generality, the termination
networks are considered to be in the form of linear n-ports and are char-

acterizable by "Generalized Thevenin Equivalents" as

v(0)

Il
<
i

z, 1(0) (2-12a)

V(@)

[
<

A 2-12b
Z, 1@ (2-12b)

where V. and V _are nXl complex-valued vectors of equivalent, open-circuit,

0 L
port excitation voltages (with respect to the reference conductor)and Z0
and Z:iare nXn symmetric, complex-valued port impedance matrices.

As an alternate characterization, (2-12) may be written as "Generalized

Norton Equivalents" by multiplying (2-12a) on the left by ZO1 and (2-12b)

on the left by Z_1 and rearranging as

1(0) = I, - Y, V(0) (2-13a)

0

-10-
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I = —}i+ Ty v (2-13b)

where I, and liiare equivalent, short-—circuit, port excitation current

0

sources. The nyxn port admittance matrices ZO and Y  are given by ZO = %61
and z = g:g where the inverse of an nXn matrix ¥ is denoted by g_l and

IO = XO YO’ ZI? Zf YIf These port admittance matrices can be found by
treating the line currents I(0) or I(¥) as independent sources and writing
the node voltage equations for the termination networks. The transmission
line voltages, V(0) or V(£), will comprise subsets of the node voltages of
the termination networks. The additional node voltages can be eliminated
from the node voltage equations describing the networks to yield (2-13).

If the termination networks at x = 0 and x =Z consist only of admittances

between the i-th and j-th wires, Y0 and %Z , respectively, and between

ij ij
the i-th wire and the reference conductor, YO and ?f , respectively, then
ii n ii
. . = + =
the entries in ZO and X become [X ]ii YO.. .E Y0 . [XO]ij YO. ,
n ii =1 ij ij

[Zi]ii = YI,, + ‘Z ‘%f.', [XZ]ij = —xr.. for i, j=1, ---, n and i#j.
ii  j=1 ij ij
With x =& and Xy = 0 in (2-8), one can straightforwardly obtain using
the "Generalized Thevenin Equivalent" characterization of the termination

networks given in (2—12)2
(222 @ =238 D Z5 - 0, (0 +20,; @B Z,] 1(0)=

2 In (2-8a) with x=Zf,x0=O substitute (2-12a) for Y(O) and (2-12b) for YGt).

Then substitute I(X) from (2-8b) with x=ii,x0=0 into the result and re-
arrange into the form in (2-14a), Substitute V(0) from (2-12a) into

(2-8b) and rearrange to yield (2-14b).

-12-
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I@) =9 @ Yy + [2)@) = ¢, (D 2] 1(0) + I_(#) (2-14b)

where ?(1,0) = ?(i). V(x) and I(x) can be obtained for any x, O <x <KL,
from (2-8) with I(O) from the solution of (2-14a) and Y(O) determined from
(2-12a). Generally, we are only interested in the terminal voltages and
currents, V(0), V(Z), I(0), I(X). The terminal currents, I(0) and 1G9,
can be obtained from (2-14) and the terminal voltages, V(0) and Y(ZD, can
be obtained from (2-12)., Here one only needs to solve n equations in n
unknowns (equation (2-14a)).

The ?ij submatrices of the chain parameter matrix in (2-7) satisfy
certain fundamental identities, [1,2]. These identities can be used to

formulate (2-14a) in an alternate form [1,2]:

[{921 (Z) 24 - ?22 )} {g 91 @ Zy - %, @} - 11 1(0) =

%, @ Vot {?21 %) Zy - %5 (2} %1 @ Y, - 2,1, @ [\:78 @) -

21 @] (2-15)
where }n is the nxn identity matrix with [ln]ii = 1 and [ln]ij =0 for i,
j=1, -—-, n and i#j. Note that the formulation in (2-15) and (2-14b) require
computation of only two of the four chain parameter submatrices, ?21 (#) and
2, (£).

As an alternate formulation, the above equations can be written in

terms of the "Generalized Norton Equivalent" representation of the term-
ination networks given in (2-13). Rather than rederiving the above equations.
it is much simplier to note the direct similarity of the Norton equivalent
representation in (2-13) and the Thevenin equivalent representation in (2-12).
By noting the analogous variables in (2-13) and (2-12) and observing the

form of (2-8) we may simply make certain substitutions of these analogous

-13-



variables in (2-14) and (2-15) as shown in Table I. The result is C;J

[Y 8,0 = Y28, Yo = 8 () + 2, @) %51 W(O) =

(2-16a)
8y, O = L2, Ig+ I+ L@ -1, R
V(O = 0, (D I+ [8,(D) - ¢, Y1 VO +V @  (2-16b) )
[{0,(0 Ty- 0@} 18,@ ¥y - 0, @} =117 © = :
(2-16c¢)

= 0,0 I 12,0 Y, - 0, @) 2, L

o, @II (D - Y,V (2]

2.2 The Transmission Line Model Specialized to the Generator - Receptor

Circuit Pair and the BOUND Model

The general problem of interest in cable coupling predictions is as
follows. One generally excites one end of a generator circuit (which con-

sists of one wire, the "generator wire", and the reference conductor) and is

then interested in determining the induced signals at each end of the recep-
tor circuit (which consists of another wire, the "receptor wire", and the
reference conductor). The remaining circuits in the cable bundle will in-
fluence this coupling to some degree and the wires in these circuits will
be designated as "parasitic wires'".

One might expect that an upper bound estimate of the coupling between
the generator-receptor circuit pair may be obtained if the effects of the
parasitic circuits are ignored. It will be shown in the computed and
experimental results that the sensitivity of the cable responses to relative
wire position can be extraordinarily large. Therefore a realistic approach

to the prediction of cable coupling in random cable bundles (in which -

-14-



' 0 TABLE I

Analogous variables in the Generalized Thevenin Equivalent (2-12) and
Generalized Norton Equivalent (2-13) representation of the termination net-

works. The analogous variables are substituted in equations (2-14) and

. (2-15) to obtain equations (2-16).
- Ceperaiized Thoventn Coneratized Norcen

1(0) v(0)
1) V@)
Zy Yo
Zz Y2
v(0) 1(0)
V() ~1(2)
8, (D 2y, ()
212 251
ng(i) 912 0
3, @) o @)

- j_fs €9) %S %)
I.@ V_ (0
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relative wire position is not known and may vary considerably along the
cable length) would seem to be to neglect the effects of the parasitic wires
in an attempt to achieve an upper bound estimate of the cable responses.
This alternative to considering all circuit interac&ions with the MTL

model will also have the effect of reducing the computation time required to
obtain the receptor terminal voltages since one will not need to solve large
sets of simultaneous equations as indicated in (2-14), (2-15) or (2~16).
Therefore one of the prime approximations in formulating the BOUND model
will be to neglect the effects of the parasitic circuits on the coupling
between the generator and receptor circuits. In addition, the generator

and receptor wires are assumed to be parallel to each other and the re-

ference conductor.

The reader will,perhaps, appreciate the difficulty in making predictions

of random cable bundle responses since one has virtually no information on
some of the important parameters, i.e., relative wire positions. Therefore,
“he above approximation seems to be somewhat reasonable in this regard.
Nevertheless, one will need to know or assume separation distances between
the generator and receptor wires and between these wires and the reference
conductor. Since it is not intended that this model provide "accurate"
predictions of the random cable bundle responses and it is only intended
that the model provide estimates of these responses, some reasonable ap-
proximations to these parameters may be used. For example, the heights of
each wire above the reference conductor,e.g., a ground plane, may be taken
to be the average height of the cable bundle above the reference conductor.
The wire separations may be taken to be, for example, one-half of the bundle

diameter.
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Tt the effects of the parasitic circuits are ignored, one can obtain
the solution for the receptor circuit terminal voltages in a simple form.
In order to provide a simple solution, two additional approximations will be
used. Wires in random cable bundles are usually insulated from each other
by coating them with dielectric insulations. If the effects of the wire
dielectrics on the coupling are neglected, simple approximations to the
per-unit-length parameters in the transmission line equations can be
obtained [1]. 1In addition, the solution for the receptor circuit terminal
voltages will be simplified. The purpose of the BOUND model is to estimate
the cable responses since accurate predictions are generally not achievable
for random cable bundles., In view of this objective and the simplifications
resulting from neglecting the effects of the wire insulations, it will be
assumed that the generator and receptor circuits are immersed in a homo-—
geneous medium (free space), i.e., the wire insulations are removed, Also,
because of the above considerations, it will be assumed that the generator
and receptor wires as well as the reference conductor are perfect conductors.,

To obtain the equations for the receptor terminal voltages, consider
the isolated generator-receptor circuit pair along with the line terminations
shown in Figure 2-4, The transmission line equations of the generator-
receptor pair can be derived in the following manner [1]. Consider an
"electrically small" Ax length shown in Figure 2-5. Since the conductors
and the surrounding medium are assumed to be lossless, the resistance and
internal inductance of the conductors as well as the conductance of the

surrounding medium in Figure 2-2 are zero. From Figure 2-5, one can obtain

Ve (x+Ax) - VG(x)

o = 0TI (x) - jwk T (x) (2-17a)
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VR(x+Ax) - VR(X)

Ax

TG(x+Ax) - Tc(x)
Ax

IR(x+Ax) - IR(X)
Ax

_ . s 2-17b

oL T (x) = julgTy (x) (2-17b)
= —jm(cG+cm) VG(x+Ax) + jmcm VR(x+Ax) (2-17¢)
= jwcmVG(x+Ax) - jw(cR+cm) VR(x+Ax) (2-17d)

In the limit as /x+0 these equations become the differential equations of the

line given in (2-3) specialized to the case of the isolated generator-

receptor pair:

dVG(x)
dx

dVR(X)
dx

dIG(x)
dx

dIR(x)
dx

The matrix chain

equations by relating

—Jw T (%) = Jwl T (x) (2-18a)
—jwR I.(x) - jszIR(x) (2-18b)
—jwlegte ) Vo (x) + jue Vg (x) (2-18c)
jue_ Vo (x) = julepre ) Vp (x) (2-18d)

parameters provide a solution to the transmission line

the voltages and currents at one end of the line,

VG(ZD, VR(Z), IG(i) and IR(z), to the voltages and currents at the other end

of the line VG(O), VR(O), IG(O) and IR(O), as (see (2-6) - (2-8))

VO | - 2@ 21, v(0) (2-19)
1) 0, (0 00 100)
where

-20-
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(v, @] v, (0]
2 v YO =y 0

(1, [1,(0)] (2-20)
1@ =‘ 1@ 1) = | 1,€0) |

The matrix chain parameters with the wire insulations removed and perfect

conductors assumed become (see Section 3.1 of [1])

211(1) = cos B¥) %2 (2-21a)
©,@) = -1sin@Z) v L = -ij;:{f’—i—‘l@Q} (2-21b)
- ~ ~ 32

-1 sin(B%)
®,,@) = -jsin@Z) (vL) ~ = -ngig BX (2-21c)
?22(1) = cos@Z) 12 (2-214d)

where B is the phase constant or wave number given by B = —%1= 2m/A3A is a

wavelength at the frequency of interest, i.e., A = V/f, and v is the velocity

~

of propagation, v = 3x108 m/sec., The per-unit-length inductance and

capacitance matrices,L and C, respectively, are given by

2 2

L = G m
~ 2 2 (2-22a)
: m R

(c,+¢c) ~c
c=| & m m (2-22b)

- %n (gR-k %9

and

10

=101 (2-22¢)

where L and C satisfy [1]
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since the generator-receptor pair is assumed to be immersed in a homogeneous

medium (free space).
The termination networks are described by Generalized Thevenin Equiva-

lents in (2-12) as

v (0)

Vo - %, 1(0) (2-24a)

V@)

Vi+ 2,10 (2-24b)

Substituting (2-24) and (2-21) into (2-19) yields (see (2-14))

[cos®Z) (Zp+ Z,) + jvsin@®X) (2 ,C Z,  + )] 1(0)=
~E TS0 ~E~ 0TS (2-25)
[cos(BZ) }'2 + jvsin(BZ) EKS] \_IO - YZ

One can easily obtain a similar equation for I(X¥) without any further
derivation. The matrix chain parameter solution in (2-19) may be written

as [1] (This becomes fairly obvious when one redefines the x variable)

v (0) o (=%) o, (=) V()
- - | ~12 - (2-26a)
1(0) 0, (<) 0,¢-0| |10

or [1] (also see (2-21))

v(0) 0@ 2,0 V(2)
- |~ ~12 - (2-26b)

-1(0) 2, @) 9, () -1(2)

The terminal conditions in (2-24) can also be written as
V() = Vg = 2, (1) (2-272)
V) = ¥, + 2z, (-1(0)) (2-27b)
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Comparing (2-26b) and (2-27) to (2-19) and (2-24), one may obviously re-

place I(0), Zys ZO’ YO’ and Y:C in (2-25) by -1(Z), ZO’ ZX’ Y.t’ and YO’
respectively, to obtain
[cos B2) (Z) + Z;) + JvsinBX) (2, C Zp+ L)] I(£)= (2-28)

~[cos®Z) 1, + jvsin(B2) Zy Cl V,+ Y,

The quantities in (2-24) for the isolated generator-receptor circuit

1

YO = [OJVS (2-29a)
0

V2=, (2-29b)

pair become (see Figure 2-4)

[z, 0
oG
Z. = (2-29¢)
~0 10 Zyg]

F-Z 0 -~
Z, = 0"‘; , (2-29d)
~ - ZR |

Substituting (2-29) and (2-22) into (2-28) and multiplying out the result,

one obtains

[cosBZ) (Z z‘G) + jvsin(®Z) {z (c + cm) + ,QG} ]IG(:C)

ZG OG
(2-30a)
+ [jvsin@®) {JLm - Zoo Lr ] IR(z) =V,
[jvsinBX) {Q,m - Zyg OR} ] I, (Z) + [cos@Z) (ZOR +£‘R
(2-30b)
+ jvsin @Z) {ZOR Z{R (cR + cm) + SZ,R} ] IR(‘I) =0
Solving for I (Z), and utilizing V (;:) = ZR R(.z") one obtains
V(@) = IvsinBr) Zp {4 - e Z,0 200} V. (2-31)
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where

= [cosBZ) (ZOG ) + jvsin®Z) {Z + cm) + SLG} ] x

Zoe Zog (o

fcosBZ) (ZOR + Z;(R) + jvsin@yx) {2z (c + c ) + 9' i

OR zR

(2-32)
- [jvsin@2) {8 - c 2o Zp} 1 X

[jvsin@®Z) {zm -c Z } ]

Z
ZG OR
After some manipulation,A can be written as

2
b= (2o, + Zye) (Zgg + Zpp) cos BL)

V¥ sin? @2) 115, Zyg (g + o) + 86} (Zgp Zoplep + ¢ )% L)

- Qe Zg Zog) (R - em Zyg Zog) ]

(2-33)

+ jvsin(®Z) cos(BZ) [(Z R {iG 0G (gt c ) + 2 }

+ (Zgo + %) {Zpp Zep (ep +ep) + 2 1]

Similarly from (2-25), one can derive

jvsinB ) ZOR
VR(O) = X {cos@f) [.z‘R 2 © +2,m]

(2-34)
+ jvsin(BZ) [ZzR c SZ,G + Z.{G Q’m (CG + Cm) ]}VS

where A is given in (2-33). From the property L C = %2 1n in (2-23), one

can show that

L (c
m

Il
=
0

+ cm) (2-35a)

G

]
=
(e]

lm (cR + cm) (2-35b)

Therefore, (2-34) can be written in an alternate form as

",y

¢



jvsin@2) Zor
VR(O) = A { cos®?) [ZZR ;fG c + Qm]

(2-36)

+ jvsin B L) [Z.'fR J&m (CR + cm) + L.¢c 1} v

%ZG R m s

The solutions for the receptor terminal voltages, VR(O) and VR(i), are
therefore given by (2-31), (2-33) and (2-36) and are quite simple, However
note in (2-31) that there is the possibility that VRC() will be identically
zero for all frequencies whereas VR(O) given by (2-36) may not be identically
zero. Transmission lines are sometimes purposely designed for this con-
dition and are called directional couplers [3]. The condition for the
directional coupler effect, i.e., VR(Z) is zero for all frequencies, is
that the numerator of (2-31) be identically zero. This results in the

condition

ZOR %fG = Qm/cm (2-37)

From (2-23), one can obtain

QG (cG + cm) = QR (cR + cm) (2-38a)
Rm (cG + cm) = QR ch (2-38b)
2m (cR + cm) = QG c. (2-38¢c)
and (2-37) can be written as
2
Qm
Zor %¢ =V 3
c
m‘\
_ L. 2
= \/M R_G (2-39)
(cG+cm) (cR+cm)

il

% e
(ete )N eFe ) = 2o 2R
G m R ™m
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where

(CG+cm) (2-40a)

’2
R
ZCR ES E‘f‘{;‘gm) (2-40b)

The quantities ZCG and ZCR look somewhat like the characteristic impedances
of the individual circuits and are sometimes referred to as being the
characteristic impedances of each circuit in the presence of the other
circuit [3].

Certain low frequency approximations of the solution may also be
obtained. If the line is electrically short, i.e.8Z<< 1, then the following

approximations may be used in the terminal voltage equations in (2-31),

(2-33) and (2-36):

cos@Z) =1 (2-41a)
v sin®@¥) = vR ¥ (2-41b)
=

In addition, if the termination impedances, ZOG’ %ZG’ and %fR’ are

Zor
frequency independent, then, for a sufficiently small frequency, one can
further approximate (2-31), (2-33) and (2-36) as

~30X Zyp (R - e Zyg Zog!

e

VR(Z) \Y (2-42a)

S
(Zog + Zeg) (Zog * Zyy)

jwZ Zogn * n % Zer)

2

VR(O) \ (2-42b)

S
(Zog + Zp0) (Zop * Zep)

One can obtain the same result from a lumped circuit representation

of the receptor circuit in Figure 2-6 as [3]
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Figure 2-6, A lumped model of the receptor circuit,



VR(i) = . I, + . Vo (2-43a)
ZR OR ZR OR
jul 2z jwe L2 Z

v, (0) = —m OR I, + m” “0R 7R Vg (2-43b)
ZZR + ZOR Z:ZR + ZOR

Since the line is assumed to be electrically short and the frequency is
assumed to be sufficiently small, one may approximate the generator circuit

voltage and current, VG and IG in (2-43) as

Z
v (2-44a)
G ZOG + %zG s

-
= v (2-44b)

I
G ZOG + %ﬁG s

Substituting (2-44) into (2-43) yields the equations in (2-42).

From the low frequency approximation in (2-43), it is clear that there
are two contributions to each receptor voltage; a term due to the mutual
inductance, Qh’ which will be classified as an inductive coupling con-
tribution and a term due to the mutual capacitance, ch? which will be
classified as a capacitive coupling contribution. The inductive and
capacitive coupling contributions are in phase in VR(O) but are 180° out of
phase in VRcﬁ). Clearly, the directional couplér effect will result if the
inductive and capacitive coupling contributions in VRCt) are equal in
magnitude.

Depending upon the values of %fG’ ZOR’ %fR’Qm and c. the inductive
coupling contribution may dominate the capacitive coupling contribution and
vice wversa. The inductive coupling contribution dominates the capacitive

coupling contribution in VR‘i) in (2-42a) if

-28-
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&}

2 > ¢ (2-45)
m

n 20R %L

which becomes (see(2-39) and (2-40))

Zeg %cr 77 Zor % (2-46a)
or

z z

-i-CE 595 5> 1 (2-46b)

2G OR

Similarly in (2-42b), the inductive coupling dominates the capacitive coupling

in VR(O) if
Z Z
G 295 >> 1 (2-47)
e g

Capacitive coupling dominates the inductive coupling when the above
inequalities are reversed,

The above resolution of the receptor terminal voltages into inductive
and capacitive coupling contributions is valid for a sufficiently small
frequency. This concept has also been used in formulating other approximate
prediction models for random cable bundles [4,5].

It may appear that (2-31), (2-33) and (2-36) would have the possibility
of yielding reasonable bounds or estimates of the random cable bundle
responses. However, it will be shown in Chapter III, that the presence of
the parasitic wires in the cable bundle will nullify the directional coupler
effect inherent in VR(i) in (2-31) as discussed above. In order that this
model not underpredict the random cable bundle responses when the directional
coupler effect is nullified by the parasitic wires, one may simply add the

inductive and capacitive coupling contributions in VR(i) in (2-31).
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The equation for VR(O) in (2-36) is unchanged. This result will be re-

ferred to as the BOUND model and the receptor terminal voltage equations

become
~-jvsin®X) ZZR
VR(Z) = A {Qm + c %iG ZOR} VS (2-48a)
jvsin@7) ZOR
VR (0) = R { cosBX) [ +c Zpp Zso] (2-48b)

+ jsin@Z) [Z:fR 2 (cg + c )+ ZpAr cm]} v,

where & is given by (2-33). The addition of the inductive and capacitive
coupling contributions in VR(Z) when they are in reality 180° out of phase
can be further justified since in many cases, the coupling is primarily due
to only one of these contributions. In these cases, little error will re-
sult in the addition of the inductive and capacitive coupling contributions
in VR(i). In cases where these contributions are of the same order of
magnitude, the addition of the two contributions in VR(zﬁ will yield a
result which is larger than the actual result. The result for VR(O) is,

of course, unchanged.
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ITII. SENSITIVITY OF CABLE RESPONSES

TO VARIATIONS IN WIRE POSITION

In order to thoroughly investigate the sensitivity of cable responses
to variations in wire position, one should consider an almost unlimited
number of wires in the cable and possible combinations of termination im-
pedances, relative wire positions and wire sizes. Rather than considering
some large combination, a specific cable bundle consisting of 13 wires will
be investigated [6]. |

The cable configuration will consist of 13 identical #20 gauge wires,
A cross-sectional view of the cable is shown in Figure 3-1(b).The wires are
suspended above an infinite ground plane (the reference conductor for the
line voltages). Wire #7 will be the generator wire and wires #1 and #13
will be the receptor wires. A one volt sinusoidal source (zero source im-
pedance) drives the generator line at x = 0 as shown in Figure 3-2, The
generator line is terminated at x = Z in a resistance of R ohms., Both ends
of the receptor wires (#1 and #13) are also terminated in a resistance of
R ohms between the wire and the ground plane. The remaining wires, the
parasitic wires, are terminated at both ends in a fixed resistance of either
50 Q or 10K £,

The wires are in three layers, each layer being at a different height
above the ground plane and the upper and lower layers of wires are above and
below the middle layer a distance of Ah. The middle layer is at a fixed
height of 1.2 cm. The wires have a horizontal separation of Ad, The wire
separations will be varied by changing Ah and Ad and these cases are denoted

by
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Figure 3-1. A cross section of the cable.
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Figure 3-2, The load structure on the cable,
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Ad ngh
Initial 175 cm .3 cm
30% .1225 cm .21 cm
40% .105 cm .18 cm
50% .0875 cm .15 cm

where, for example, 40% means that the horizontal (Ad) and vertical (Ah) wire
separations have been reduced by 407% from their initial values.

The value of the resistance, R, which terminates the generator wire
(#7) and both ends of the receptor wires (#1 and #13) will be varied from
1092 to 10,0000 for the various wire positions to determine the effect of
the impedance levels on the sensitivity of the cable responses to relative
wire position,

The effect of parasitic wires on the coupling between two wires in the
bundle will also be investigated by comparing the coupling between wire #7
and wire #1 with the parasitic wires and wire #13 removed (designated by
PAIR and shown in Figure 3-1(a)) to the coupling between wire #7 and wire

#1 with all wires present (designated by 13 WIRE and shown in Figure 3-1(b)).

3.1 The Multiconductor Transmission Liﬁe Model and the BOUND Model

The multiconductor transmission line (MTL) model described in Section
2,1 will be used to investigate the cable coupling sensitivities in this
Chapter., In Chapter IV, experimental results for this cable bundle will
also be obtained. In this Chapter, the wires are considered to be bare (no
dielectric insulations). Dielectric insulations will surround each wire
in the experimental investigation of this cable bundle in Chapter IV,

Since the wires are considered to be bare, the MTL model as well as
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the per-unit-length parameters become particularly simple, The MTL equations
in (2-14a) and (2-14b) become, by substituting the matrix chain parameters

for the homogeneous case given in Section 3.1 of reference [1]1,

[cos G&) {zy + 2, } + jsin@e) {2 2,1 110 =

¢t 2l
o -1
Vet [isinBL) 22,7 + cos 82) 11, (3-1a)

I@) = -jsin(B®) %El\_fo + [cosBL) 1+ jsinBe) 55150] 1(0)

~

(3-1b)

The wave number is given by [1]

2m (3-2)

where a wavelength is given by A = v/f, f is the frequency of excitation and
v is the velocity of light in the surrounding medium (free space), v =
8
3x10° m/sec,
The entries in the termination impedance matrices, ZO and Zi’
and the source voltage vectors, YO and YZ’ are obtained from Figure 3-2.

The entries in the characteristic impedance matrix, ZC’ are given by [1,6].

-~

LlV 2hi
elys = viklyy = Vg (o (3-32)
wl
Y /dij + b,
[Zelyy = vILljy= Vg fn a (3-3b)
i#j i#j H

Observe that no incident electromagnetic fields illuminate the line.

A A
Therefore YSCi) and ls(z) are removed from (2-14). 1In addition, the wires

and the ground plane are considered to be perfect conductors.
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for i, j=1, ---, 13 where n_ = 4mx10” , v is the velocity of light in free
space (v = 3x108 m/sec), hi is the height of the i-th wire above ground, and
dij is the center-to-center separation of the i-th and j-th wires., Equations
(3-1) and (3-3) were programmed on an IBM 370/165 digital computer in double
precision arithmetic. A description of the program, XTALK, a program listing
and a users manual are contained in Volume VII of this series [7].

Note that equations (3-1) show that since the line is immersed in a
homogeneous medium (free space), the line responses are independent of line
length and are dependent only on 8L = 2nZ/\, i.e., the responses at each
frequency are dependent only upon the portion of a wavelength that the line
occupies., The computed results will therefore be plotted in terms of
I = K,

The BOUND model is described in Section 2.2. It should again be noted
that one of the fundamental assumptions in this model is that only the
generator and receptor wires are considered and the effect of all other wires
in the bundle (the parasitic wires) are not considered, For example, when
computing the coupling between wire #7 and wire #1, all other wires (#2 -

#6, #8 - #13) are removed from the bundle (PAIR). The self inductances of
the generator and receptor circuits, QG and RR’ mutual inductance, Zm, self

capacitances of the generator and receptor circuits, c, and CRs and mutual

G
capacitance, . in the BOUND model are given by [1]
u 2h
QG = -Z-T‘TL ,Qn( ?‘C_;_\ (3-4a)
wG
M, 2hR
JLR = 5 n P (3=4b)
wR
2
M d + 4h_h
»Q, = __V an GR G R (3—4C)
m 2m d

iy,



2

I ch = Hy & SLR/ (ILG JLR - Jlm) (3-44d)
cote =u e /0. % -5 (34e)
R m v v G G R m

- 8/t - 22 (3-4f)
Cm B Uv 8V m G R m

where hG and hR are the heights of the generator (#7) and receptor (#1) wires
above the ground plane, respectively; roe and r g are the radii of the gen-

erator and receptor wires, respectively; dGR is the center-to-center
separation between the generator and receptor wires, and Ev is the permit-
tivity of free space (EV = (1/36m) x 10_9). The BOUND model is extremely

simple to program on a digital computer.,

3.2 Sensitivity of the Cable Responses to Wire Position and Effect of

Parasitic Wires as a Function of Impedance Levels

In this section, we will investigate the sensitivity of the cable re-
sponses to wire position as a function of impedance level by varying the
resistance, R, which terminates the generator wire(#7) and both ends of the
receptor wires (#1 and #13) in Figure 3-2. The 50  and 10K Qresistances
on the ends of the parasitic wires in Figure 3-2 will be unchanged. The
induced signal at the ends of receptor wire #1 (Vl(O) and Vl(f)) will be
plotted with R varied from 10  to 10K §, Four such results will be
obtained in terms of line length as a portion of a wavelength, i.e.,

Z = 10-4)\, Z = 10'3)\,f= 10—2>\, L = 10—1>\. One might expect rather extreme
sentivities to be uncovered when the cable is not electrically short, e.g.,
Z > 10—21, since standing waves occur on the line for this range of fre-

1

quencies. However, it is not generally known that large sensitivities can

exist even when a cable is electrically short, e.g.,;{S 10_2 A. The results

Technically, standing waves are always present. However, for electrically
long lines, their effects are more pronounced,
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of the MTL model with all wires present (13 WIRE), the MTL model with only

wires #1 and #7 present and the other wires removed (PAIR), and the BOUND
model (PAIR, BOUND) will be shown.

The results are shown in Figure 3-3 through Figure 3-6. Note in Figure
3-3(b), 3-4(b), 3-5(b) and 3-6(b) that the directional coupler effects are #
evident in the PAIR, Vl(Z) results. V1CZ) has a deep null at approximately . '
R = 230 §, Since the wires are identical and are at the same height, the
characteristic impedances of each circuit in the presence of the other given
in (2-40) are identical and are equal to 232.5 , Thus the condition for
a directional coupler, (2-39), is satisfied. Note that for this special case,
the PAIR results are not worst case, i.e., the 13 WIRE response is larger
than the PAIR response., However, note that the BOUND model does provide an
upper bound, This is due to the fact that in the BOUND model, the capacitive
and inductive coupling contributions are added in VRcz).

As for the effect of the parasitic wires on the coupling between a
generator wire and a receptor wire, there is a marked effect, on the order
of 30dB or more, for "high impedance loads", i.e., R > 230§, and virtually
no effect for "low impedance loads", i.e., R < 2309.1

The sensitivity to variations in wire position can be extraordinarily
large for high impedance loads, R > 230 i, Note in Figure 3-3(a) that
Z = 10-4A, i.e., the cable is very short, electrically. However, for
R = 1200 &, increasing or decreasing the wire separations by only 10% (from

40% to 50%Z and from 30% to 40%) results in a change in the Vl(O) response

1 The ratio of two voltage quantities, V, and VB’ will be expressed in dB

A

as

(VA/VB)dB = 20 loglo (VA/VB)
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(13 WIRE, all wires present) of as much as 40dB or more(the null at R =
12000 for 13 wire, Vl(O) (40%) is very deep). Thus at this frequency,

we have a type of high impedance directional coupler, On the other hand,
the PAIR results do not appear to be sensitive to wire position except in
the range of R for which the directional coupler effect takes place (around
R = 230Q ).

The complete frequency response forZ = 10—3X tod = A for fixed values
of R is shown in Figure 3-7 through 3-12, These data show, as frequency is
varied, the sensitivities and effects of the parasitic wires uncovered in
Figure 3-3 through 3-6. All responses are plotted up tod= .5\ since the
responses repeat this pattern between .5\ and A, A and 1.5\, --—, etc.

Note that Figure 3-9 clearly shows that the parasitic wires will nullify
the directional coupler effect associated with the isolated generator and
receptor circuits.

For low impedance loads, R = 50 ), in Figure 3-10, the cable responses
clearly are virtually insensitive to wire position., In addition, the
parasitic wires have virtually no effect on the coupling between the
generator and receptor wires,

In Figure 3-11, we compare Vl(f) and Vl3(20, the voltages at the same
end of wires #1 and #13., Note in Figure 3-1 that the line structure
is physically symmetric about the center of the bundle. If the load structure
were symmetric, Vl(iﬁAand V13(1) would be identical., The load structure on
the parasitic wires is not quite symmetric about a vertical line through
the midpoint of the wire bundle, wire #7. Note, however, in Figure 3-11 for
R = 502 (low impedance loads on #1, #7, #13) that Vl(Z) and V13(Z) are

almost identical. This again shows that for low impedance loads on the
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generator and receptor wires, the parasitic wires have virtually no effect
on the coupling between the generator and receptor wires, For high im-
pedance loads (R = 1300 Q), Vl(O) and V13(O) differ by as much as 25dB as
shown in Figure 3-12, This asymmetfy is clearly due to the asymmetric
load structure on the parasitic wires since the cable bundle has physical
symmetry about a vertical line through its center (wire #7).

These computed results clearly show (for this cable) that for high
impedance loads, R, on the generator and receptor wires, the cable responses
can be extremely sensitive to wire position and the effect of the parasitic
wires on the coupling between the generator and receptor wires can be quite
large. For low impedance loads, R, on the generator and receptor wires, the
cable responses are insensitive to wire position and the parasitic wires
have virtually no effect on the coupling between the generator and receptor

wires.
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IV. EXPERIMENTAL VERIFICATION OF THE SENSITIVITY

OF CABLE RESPONSES TO VARIATIONS IN WIRE POSITION

The sensitivity of cable responses to variations in wire position and
the effect of parasitic wires in the cable on the coupling between a gen-
erator circuit and a receptor circuit were investigated in Chapter III by
using the distributed parameter, multiconductor transmission line (MTL)
model. The wires were assumed to be bare,i.e., dielectric insulations
around the wires were not considered, when in practice, wires in cable
bundles must be insulated from each other. The primary reason for the
exclusion of dielectric insulations from the MTL model used in Chapter III
was that the addition of dielectric insulations increases the required com-
putation time for the MTL model considerably [1]. Furthermore, reasonable
approximations to the per-unit-length parameters in the MTL model are quite
simple to determine for bare wires whereas the inclusion of dielectric in-
sulations complicates the determination of these parameters considerably [1].
In this Chapter, however, the cable bundle which was investigated in Chapter
ITT will be constructed of dielectric-insulated wires and the cable responses
will be investigated experimentally. The MTL model predictions as well as
the BOUND model predictions will also be compared to the experimental
results. The MTL predictions were obtained using the XTALK computer program
described in Volume VII of this series [71.

The cable bundle in Figure 3-1 and Figure 3-2 was constructed of #20
gauge solid wires having polyvinyl chloride insulations 17 mils in thickness.
The cable length was 12 feet (Zf= 12 feet in Figure 3-2) and the cable was
mounted on a 5 foot by 12 foot aluminum ground plane 1/8 inch in thickness

as shown in Figure 4-1 and Figure 4-2. The resistors R which terminate both
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Figure 4-1.

The experimental configuration (cont.).
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ends of wires #1 and #13(the receptor wires) and one end of wire #7 (the
generator wire) as shown in Figure 3-2 were constructed by inserting small
resistors into BNC connectors so that they may be easily removed from the
cable and different values of R (R = 50 3 R = 1KQ, and R = 10KQ) are used

to terminate wires #1, #7, #13., This construction of these resistors resulted
in approximately 10pF of capacitance in parallel with R which will be in-
cluded in all computed predictions with the MTL model. These capacitances

are not included in the BOUND model. The resistors terminating both ends

of the parasitic wires (50 or 10KQ) shown in Figure 3-2 are unchanged
throughout the experiment,

Two wire separation configurations will be investigated. 1In the
CONTROLLED SEPARATION configuration, plastic spacers were constructed to
control the wire separations at the initial spacings used in Chapter IIT
(h =1.2 emy, Ah = .3 cm, Ad = .175 cm) as shown in Figure 4~2(b). These
spacers were placed along the line and controlled the wire separations. In
the RANDOM BUNDLE configuration, the plastic spacers were removed; the wires
were taped together, and the bundle was supported by small styrofoam blocks
at an average height of 1.2 cm above the ground plane,

The experimental data were taken from 10KHz to 100 MHz. The cable is
one wavelength long at approximately 82 MHz (computed assuming free space
propagation). Thus this frequency range will allow an investigation of the
cable responses for electrically short to electrically long cable lengths
(£=.00123) to & =.1.23))., Measurements were taken at discrete frequencies:
10 KHz, 20 KHz, 30 KHz, ---, 90 KHz, 100 KHz, 200 KHz, ---, 900 MHz, 1 MHz,
--=, 9 MHz, 10 MHz, ---, 100 MHz. These data points are connected by

straight lines on the graph to facilitate the interpretation of the results,

-59-



The apparatus used for measurement and excitation of the line are:

FREQUENCY RANGE

(1) HP 8405A Vector Voltmeter 1 MHz -~ 100 MHz
(2) HP 3400A RMS Voltmeter 10 KHz - 1 MHz

(3) HP 651A Oscillator 10 KHz - 10 MHz
(4) HP 608D Oscillator 10 MHz -~ 100 MHz
(5) HP 5245L Counter 10 KHz -~ 100 MHz

A frequency counter was used to control the frequency output of the
oscillator to within approximately .1% of the desired frequency. The input
to the generator wire (#7) at x = 0 in Figure 3-2 is a one volt sinusoidal
source (zero source impedance). This was accomplished in the experiment by
monitoring the input voltage to wire #7 at x = 0 and adjusting the oscillator
output to provide one volt at this point. For a one volt input voltage, the
received voltage represents the voltage transfer ratio. Although the re -
ceived voltages are phasors with a magnitude and phase angle relative to
the source, only the magnitudes will be plotted.
The various notations on the plotted data are:
EXP - Experimental Results
13 WIRE - All wires present (see Figure 3-1(a))
PAIR - Only wires #1 and #7 present and the remaining wires removed
(see Figure 3-1(b))
DIST - The distributed parameter, multiconductor transmission line (MTL)
model. (PAIR, DIST denotes the model applied to a configuration
consisting of only wires #1 and #7 (see Figure 3-1(a)). 13
WIRE, DIST denotes the model applied to the configuration con-

sisting of all 13 wires (see Figure 3-1(b))).
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BOUND - The BOUND model described in Section 2.2 and given in
equations (2-48). For this model, the generator wire is wire
#7 and the receptor wire is wire #1. The 10 PF of capacitance
introduced by the BNC connectors into which the resistors R

are inserted is not included in the results of this model.

4.1 Effects of Parasitic Wires

In this section, the effect of parasitic wires on the coupling between
a generator circuit and a receptor circuit will be investigated. 1In order
to insure that valid comparisons can be made, i.,e,, the positions of the
generator and receptor wires must remain the same with and without the other
wires present, the CONTROLLED SEPARATION configuration is used.

The received voltage at the x =Zend of wire #1, Vl(i), (see Figure
3-2) is plotted for R = 50Q in Figure 4-3, R = 1KQ in Figure 4-4 and R =
10K§ in Figure 4~5, Note that for R = 500 (low impedance loads), the
parasitic wires have virtually no effect on the coupling between wire #7
and wire #1 until the line becomes electrically long, £ > 1/100A. Yet even
then the effect is on the order of only 6 ~ 10dB. However for high im-
pedance loads, R = 1K{ and R = 10K » the parasitic wires dramatically
affect the PAIR results., As much as 35-40 dB reduction in coupling is
attributable to the presence of the parasitic wires for R = 1KQ and R = 10K
even though the line is very short, electrically. In the RANDOM CABLE
configuration, however, where the wires are closer together, it will be

found that the PAIR and 13 WIRE results are much closer in value.

4,2 Prediction Accuracies of the MTL Model for PATR Results

In this section, the distributed parameter, transmission line model

will be investigated to determine its ability to predict the coupling between
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a generator circuit (wire #7) and receptor circuit (wire #1) with all other
wires removed (PAIR). The results are shown for R = 50§ in Figure 4-6,

R = 1KQ in Figure 4-7 and R = 10K in Figure 4-8. The predictions of the
distributed parameter, transmission line model (DIST) are shown with and
without dielectric insulations included in the calculation of the per-unit-
length parameters. The per-unit-length capacitances with wire insulations
included (Er = 3,0) were determined in Volume I of this series [1] pp. 116 -
122,

In Figure 4-6, for R = 50(, the transmission line model provides pre-
diction accuracies within 1dB except in the "standing wave region', i.e.,
for Z > .1A. Similar results are obtained for R = 1KQ in Figure 4-7 and
R = 10K in Figure 4-8. Note, however, that for these cases the wire

dielectric affects the results somewhat (on the order of 3-6dB).

4,3 Prediction Accuracies of the MTL Model for 13 WIRE Results

In this section, the distributed parameter, transmission line model
will be investigated to determine its ability to predict the coupling
between the generator circuit (wire #7) and the receptor circuit (wire #1)
when all 13 wires are present (13 WIRE). The results are shown for R = 50Q
in Figure 4-9, R = 1KQ in Figure 4-10 and R = 10K in Figure 4-11.

For R = 509 in Figure 4-9, the MTL model provides prediction accuracies
within 1dB up to the standing wave region (2f< .1)). In the standing wave
region (z3>.1A) the prediction accuracies are considerably poorer.

For R = 1K and R = 10K in Figure 4-10 and Figure 4—11; prediction
accuracies are within 1-2dB for';f< .1X and for Z > .1\ the accuracies
are poorer although the model predicts the trend in the experimental results

quite well,

-68-



o

100 mV
— Pair, Exp
— ———— Pair, Dist
— A& Pair, Dist (No Dielectric)
IOmV_—-
g 00I\ OlIx
/ |
I mV L1001 l .
, IOOKHZ IMHZ
10 KHZ
///
X

Vv, (L) R=508
Controlled Separation

Figure 4-6(a),

-69-



— Pair, Exp
_ __ Pair, Dist
A Pair, Dist (No Dielectric)

FTTl

|

[OOmV

IX
[OmV | | L1 11 || || | | L1111
IMHZ IOMHZ IOOMHZ

V, (1) R=508
Controlled Separation

Figure 4-6(b).

-70-



I0O0OmV

. Pair, Exp.
——— Pair, Dist.
A Pair, Dist. (No Dielectric) 7 J

IOmV

OO0I'A OIX

Imy | [ |||J|| | [
% IOOKHZ

| 1]
IMHZ

Vi(2) R=IKQ
Controlled Separation

Figure 4-7(a).

-71-



IO0OmV

ﬁ— Pair, Exp Fay
| ——— Pair, Dist
a  Pair, Dist(No Dielectric)
I N
1OmV | ] | IJII | 1l
IMHZ IOMHZ
v, (1) R=IKQ '

Controlled Separation

Figure 4-7(b).

-72-

100 MHZ




—

— A

I00OmV

Pair, Exp
Pair, Dist
Pair, Dist (No Dielectric)

s’ A 00I\
g I Ol
lOmv/, Ay l 11|||1| | Lot
/ IOOKHZ IMHZ
IOKHZ
A V| (1) R=|OK\Q,

Controlled Separation

Figure 4-8(a).

-73-



1I00mV

IOmV

Pair, Dist

B Pair, Exp
[ ——— Pair, Dist
A Pair, Dist (No Dielectric) o
AN N
| lIlIIIII ] | lIIIIII -
IMHZ IOMHZ IOOMHZ

V, () R=10KS§
Controlled Separation

Figure 4-8(b).

O

-74~



e

OO0 mV
— —e |3 Wire, Exp
- —— |3 Wire, Dist 5
IOmV F_——
[0,0]DN OlI'x
ey A;?’ | | d l| | [ 1 1
| MHZ

I%HZ 100 KHZ

V, (L) R=50Q

Controlled Separation

Figure 4-9(a).

~75-



[OOmV

IOmV

ImV

13 Wire, Exp

I3 Wire, Dist

—— |3 Wire, Exp
—— |3 Wire, Dist

A

] I L1 11 J l| |

IMHZ

IOMHZ

V(1) R=508
Controlled Separation

Figure 4-9(b).

~76+-

IOOMHZ

Q



| mV
B
B
dmV —
t —
- I3 Wire, Dist
—— |3 Wire, Exp
— —&— |3 Wire,Dist
O0I'x Ol'x
Ol mV ] | | IIII|I| | | 1 llll“
10 KHZ I00 KHZ | MHZ
V) (L) R=1KQ
Controlled Separation
ﬁ Figure 4-10(a).
)
. s

R -77-



(@

i

_ —%— |3 Wire, Exp
— —4— 13 Wire, Dist :<
X
13 Wire, Dis?\
I0OmV —
— ——I|3 Wire, Exp
DY
v AR N ! L0
| MHZ 10 MHZ IOOMHZ

Vv, (L) R=1KQ
Controlled Separation

Figure 4-10(b).

Q

=78~

b -



o

1O mV NAAA

T 1T

=—13 Wire ,Dist

I3 Wire, Exp

—¢« |3 Wire, Exp
= |3 Wire, Dist

.00Ix Oix
Lo | [ N T T | N

10 KHZ |00 KHZ IMHZ

Vv, (L) R=10KQ
Controlled Separation

Figure 4-11(a).

-79-



100mV

IOmV

: —»— |3 Wire, Exp
- —4— |3 Wire, Dist
~ >
I3 Wire, Dist
L
13 Wire,Exp
AX
1 IIJII |
IMHZ IOMHZ MOOMHZ

V, (1) R=I0KQ
Controlled Separation

Figure 4-11(b).

-80-

O

[



.

Ty

R R e

.,

T o N

A

. W

[

)
o

4.4 Sensitivity of Cable Responses to Variations in Wire Position

In random cables, relative wire position is unknown and varies in some
uncontrolled fashion along the cable length. To investigate the sen-
sitivity of the cable responses to wire position, the RANDOM BUNDLE
configuration is used. The plastic spacers used to control wire separation
in the CONTROLLED SEPARATION configuration are removed and the 13 wires are
taped together randomly. This random bundle is supported above the ground
plane by small styrofoam blocks at an average height of 1.2 cm.

The sensitivity to wire position is investigated in the following
manner. Four sets of data on the frequency response of Vl(f) are obtained.
the random bundle is initially constructed and the frequency response for
Vl(i) is obtained for R = 50, R = 1K, R = 10KQ, This is denoted as Data
(1) on the graphs. The tape is then removed from the cable; the wires are
allowed to lie on the ground plane; the wires are then gathered together;
the tape is replaced; the styrofoam blocks are inserted again, and the
frequency response for VICi) is obtained for R = 508, R = 1KQand R = 10KQ.
This is designated as Data (2). This process is repeated to obtain Data (3)
and Data (4). Thus the ONLY difference between the experiments used to
obtain the four sets of data are that the relative wire positions have been
changed in some unknown fashion by removing the tape holding the wires to-
gether and then taping the wires together again. No attempt was made to
reposition wires as they lay on the ground plane. They were simply gathered
together and the bundle retaped together in the same fashion as random
bundles are constructed for the same type of aircraft on a production line.
Clearly, these data should indicate the sensitivity of the cable responses

to variations in wire position.

Note that for R = 502 in Figure 4-12, the cable responses
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are virtually insensitive to wire position. However for R = 1K in Figure

4-13 and R = 10K in Figure 4-14, the minor changes in wire position result ::>
in an extreme sensitivity of the response (vl(z)). For example, in Figure
4-13(a) for R = 1KQ, there is as much as 35dB change in the response even
when.f = ,00123A, i.e.,, the cable is very short electrically, which is caused
solely by slight changes in wire position due to untaping and then retaping
the wires together!

Clearly then, the sensitivity of cable responses to wire position can
be extraordinarily large. For low impedance loads (R = 50{), the responses
are virtually insensitive to wire position. For high impedance loads
(g = 1KQ and R = 10KQ) the sensitivities are extraordinarily large. Ob-
viously, these data show that in some cases, it is impossible to predict
cable responses accurately for random cable bundles. Therefore, for random
cable bundles, it appears that a more reasonable approach would be to
estimate the cable responses. Thus the ability of the BOUND model to
estimate the cable responses will be the next objective of the investigation.

The predictions of the BOUND model for the random cable data are shown
for R = 50Q in Figure 4~15, R = 1KQ in Figure 4-16 and R = 10K} in Figure
4-17. Recall that the BOUND model neglects the effects of all other wires
in the bundle when predicting the coupling between a generator and a recep-
tor circuit. However, a separation between the generator wire and the re-
ceptor wire needs to be determined in using this model. Obviously the \

separation between wire #1 and wire #7 is unknown. Furthermore the wires .

PR

are probably not separated by a constant distance along the bundle. There-
fore we have chosen a wire separation to be used in the BOUND model to be }
!

1/2 of the bundle diameter. This choice is, of course, arbitrary. The

i

Q)
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bundle diameter is approximately .8 cm. Therefore the wire separation in
the BOUND model is chosen to be .4 cm. The wire heights are chosen to
be the average bundle height, 1.2 cm.

The responses of wire #1, Vl(i), and wire #13, V13(f), are shown in
the data of Figure 4-15, Figure 4-16 and Figure 4-17., This comparison is
relevant since the load structure on wire #1 and on wire #13 is identical

(R on both ends of each wire). Therefore in this closely coupled bundle,

these circuits are virtually indistinguishable from each other. Of interest

here is any difference between Vl(i) and V13(i). Such differences provide
an additional indication of the sensitivity of the cable responses to wire
position as well as the effect of parasitic wires in the bundle.

For R = 508 in Figure 4-15, the responses for all data sets for Vl(i)
and V13(¢3 are virtually identical up to the standing wave region. The
BOUND model provides prediction accuracies within 3dB up tod = 025\,
Above this, the model tracks the envelope of the responses quite well.

For R = 1KQ in Figure 4~16 and R = 10KQ in Figure 4-17, there is a

considerable variation between the data sets even when the cable is very

short electrically. The BOUND model, however, provides a reasonable estimate

of these very sensitive responses. In the standing wave region, Z > A,
the model tracks the envelope of the responses to some degree although

there is a considerable variation at certain frequencies. This is to be

expected in this frequency range where the cable is very short, electrically.
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V. SUMMARY AND CONCLUSIONS

The predominant method of maintaining wires connecting electronic
systems in compact groups is the use of random cable bundles. 1In these types
of bundles, relative wire position is unknown and varies in some uncontrolled
fashion along the cable length. Wire-coupled interference (crosstalk)
occurring within these compact bundles can be an important contributor to the
degradation of system performance. The prediction of this crosstalk is
therefore of considerabie importance in determining overall system electro-
magnetic compatibility. This report has been directed toward an investiga-
tion of the prediction of wire-coupled interference in random cable bundles.

A particular 13 wire cable above a ground plane was chosen for
investigation. It was found that, depending upon the values of the impedances
terminating the generator and receptor circuits, the sensitivity of the cable
responses to variations in relative wire position can be extraordinarily
lai ;e. For low impedance loads on the generator and receptor circuits (values
less than the'characteristic impedance" of either circuit in the presence of
the other circuit), the cable responses were virtually insensitive to wire
position, For high impedance loads on the generator and receptor circuits,
the cable responses were very sensitive to variations in wire position. For
low impedance loads on the generator and receptor circuits, the coupling
between the generator and receptor circuits was virtually unaffected by the
presence of other wires in the bundle. For high impedance loads on the
generator and receptor circuits, the coupling between the generator and
receptor circuits was affected considerably by the presence of other wires
in the bundle,

Although these conclusions were obtained for a specific cable bundle
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with specific loads on the parasitic wires, they have the following impact
on crosstalk predictions for other random cables. A specific case was
shown for which the prediction of crosstalk in a random cable bundle was
impossible. There seems to be no reason to consider this bundle as some
special case. Thus one would reasonably expect that there exist other types
of random cable bundles to which this observation applies.

Obviously, random cable bundle responses either are sensitive to wire
position or they are not (to what degree they may be sensitive is subject
to interpretation). In cases where the cable responses are sensitive to
wire position and wire position is unknown and varies along the cable,
attempting to achieve "accurate" predictions could be an exercise in futility.

The BOUND model seems to provide a reasonable estimate of the random
cable bundle responses, It should again be pointed out that the BOUND model
only considers the generator circuit and the receptor circuit. The effect
of all other wires in the cable bundle on the coupling between the generator
and receptor circuits is disregarded in the BOUND model, Since a simple
model (see equations (2-48) and (2-33)) is used to model the coupling be-
tween the generator circuit and the receptor circuit with the effects all
other wires in the bundle disregarded, the BOUND model may be programmed on
a digital computer with a trivial amount of difficulty. The per-frequency
computation time is also virtually trivial. For the case investigated in
this report, the computation time per frequency was .00092 seconds on an
IBM 370/165 computer,

The distributed parameter, multiconductor transmission line model entails
considerably more programming complexity and per-frequency computation time

when the effects of all wires in the bundle on the coupling between the
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generator and receptor circuits are considered [1]. A minimum of n simul-
taneous, complex equations must be solved at each frequency for an n wire
cable [1]. For the 13 wire cable investigated in this report, the MTL model
required .27 seconds computation time at each frequency on an IBM 370/165
digital computer; about three hundred times that required for the BOUND model.
When the response is desired at many frequencies (as it usually is), this
difference in computation times becomes an even more important consideration.
The computation time for the MTL model also increases as the number of wires
in the cable increases, This increase is on the order of n3 where n is the
number of wires in the cable. Although the large per-frequency computation
times required by the MTL model are a serious consideration, the main
reason for not using this model for random cable bundle predictions is that
in cases where the cable responses are sensitive to relative wire position,
accurate predictions cannot generally be achieved.

Therefore, the preferred alternative would seem to be the use of simpler,
approximate prediction models which tend to estimate the cable responses.
One specific model, the BOUND model, which seems to meet these criteria
was used in this report. There exist other variations of this model which
are intended to meet these criteria [4,5], mad these have evidently been
used with much success in the estimation of random cable bundle responses.

This, of course, is not meant to imply that the distributed parameter,
multiconductor transmission line model should be completely disregarded.
Experimental results were shown in this report where accurate predictions
can be made for multiconductor cables when the relative wire positions are
known and well controlled. The effects of parasitic wires on the coupling

between two wires in a cable bundle which were uncovered were shown to be
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quite significant even when the wire positions are well controlled. These
cases virtually demand an exact treatment of the cable with the MTL model
which includes the effects of the parasitic wires. There exist certain
cables in which wire position is well controlled, e.g., controlled lay
cables and ribbon or flat pack cables [1]. For these types of cables, it
should be possible to obtain accurate predictions with the MTL model., This
subject will be addressed in Volume IV of this series. The results of this
report apply to bundles of single wires above a ground plane. Individually

shielded wires and twisted pairs will be considered in future publications.
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BASE UNITS:
_Quantity
length
mass
time

electric current

thermodynamic temperature

amount of substance
luminous intensity

SUPPLEMENTARY UNITS:

plane angle
solid angle

DERIVED UNITS:
Acceleration

activity (of a radioactive source)

angular acceleration
angular velocity

area

density

electric capacitance
electrical conductance
electric field strength
electric inductance

electric potential difference

electric resistance
electromotive force
energy

entropy

force

frequency
illuminance
luminance

luminous flux
magnetic field strength
magnetic flux
magnetic flux density
magnetomotive force
power

pressure

quantity of electricity
quantity of heat
radiant intensity
specific heat

stress

thermal conductivity
velocity

viscosity, dynamic
viscosity, kinematic
voltage

volume

wavenumber

work

SI PREFIXES:

METRIC SYSTEM

_Unit__

metre
kilogram
second
ampere
kelvin
mole
candela

radian
steradian

metre per second squared
disintegration per second
radian per second squared
radian per second

square metre

kilogram per cubic metre
farad

siemens

volt per metre

henry

volt

ohm

volt

joule

joule per kelvin

newton

hertz

lux

candela per square metre
lumen

ampere per metre

weber

tesla

ampere

watt

pascal

coulomb

jouie

watt per steradian

joule per kilogram-kelvin
pascal

watt per metre-kelvin
metre per second
pascal-second

square metre per second
volt

cubic metre

reciprocal metre

joule

_.Multiplication Factors

1 000 000 000 000 = 1012

0.000 000 001

1 000 000 000 = 10°
1000000 = 10%
1000 = 10°

100 = 102

=10

10!
10™2
10?3
1076
=10"°

o onon

0.000 000 DOO 001 = 10— 12
0.000 000 000 000 001 = 10-1%
0.000 000 000 D00 600 001 == 10~ 1%

* To be avoided where possible.

SI Symbol _
m
kg
s
A
K
mol
cd
rad
sr
F
S
H
\Y
\Y
I
Hz
Ix
Im
Wb
T
A
w
Pa
C
I
Pa
!

Prefix
tera
giga
mega
kilo
hecto*
deka*
deci*
centi*
milli
micro
nano
pico
fomto
atto

__Formula

m/s
(disintegration)/s
rad/s
rad/s
m
kg/m
A-slV
ANV
Vim
V.slA
W/A
VIA
WIA
Nm
JK
kg-m/s
(cycle)'s
Im/m
cd/m
cd-st
A/m
Vs
Wb/m
Jis
N/m
As
Nem
Wisr
J'kg-K
N/m
W/m-K
m/s
Pa:s
mis
W/IA

m
(wave)m
N-m

SI Symbol

T
G
M
k
h
da
d
¢
m
m
n
p
f

a8



