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I. INTRODUCTION

andom 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 wi'es 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 R. 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 pro em is the use of uniform,

multiconductor transmission line (MTL) theory to model the cable bundle [1].

However, this model requires that the wires be parall°l to each other along

the entire cable length and their relative positions, of course, must be

* known and should not vary along the cable lengtb [11. 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
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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

II, the MTL prediction model as well as a simpler model for estimating

random cable bundle responses are described. Chapter III 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 III are verified.
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II. PREDICTION MODELS

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 che TEM mode of propagation on the line) is used.

The second rodel (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]. In 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-TEl" mode.

The essential difference in these two cases is as follows. For lines in

a homogeneous medium, the TEN 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)

1
conductor, uniform transmission line shown in Figure 2-1. The (n + l)st

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

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

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

i(x,t),are

Z/(x,t) = W e (2-1a)
V i~

ii(X,t) = Ix) e (2-1b)

for i -1 --- , n where VW(x) and Ii(x) are the complex, phasor line voltages

and currents. The current in the reference conductor satifies

n
0 0 -t) - i(x,t) (2-2a)

J-i
n

l 0 (x)-- Ii(x) (2-2b)
i-i

The MTL eqaations 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

d FVx)1 ~ n[ [W]) [+ F(X)1
dx [(x) [YOJ LINx) [T(x)J (2-3)

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 [M]i with i=l, ---, m and

The line is ccnsiderad to be uniform in the sense that ail 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+1) conductor, uniform transmission line (cant.).
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Figure 2-1. An (n+l) conductor, uniform transmission line.
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Figure 2-2. The per-unit-length equivalent circuit.
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jl, --- , p. The matrix 0 is the mXp zero matrix with zeros in every
m.p

position i.e., [m0p]i. = 0 for i=l, ---, m and j=l, ---, p. The complex-

valued phasor line voltages with respect to the reference conductor ( the

zero-th conductor), Vi(x) , and line currents, Ii(x), are given by

[V(x)]i = Vi(x) and [I(x)]i =i(x).

The nXn complex-valued, symmetric matrices, Z and Y, are the per-unit-

length impedance and admittance matrices of the line, respectively. Since

the line is assumed to be uniform, these matrices are independent of x.

These per-unit-length matrices are separable as

Z R + jwL + jwL (2-4a)

Y = G + JwC (2-4b)

where the nXn real, symmetric matrices R ,L , 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

[R = r + rc0, [R]i1  = r (2-5a)
-.C'i c i 0o ci c0i~j

k[L = 2c. + , [L] = 2Z (2-5b)

i~j

[L]ii k i+ 0 - 2m0 [L]ij = 0 + mij -mi0 -mj0 (2-5c)

n
[]i= g0 + =1 gi [G] j -gi (2-5d)

i#J iin

[G] = cio + E [C]j = -c. (2-5e)j=l ij iji~j ij



The nXl column vectors, V (x) and I (x) contain per-unit-length- s

equivalent voltage and current sources, [V(x)] i = V (x) and [Is(x)]=
Si

I (x), whica are included to represent the effects of the spectral com-]s.
i

ponents of incident electromagnetic field sources which illuminate the line.
0

These entries are complex-valued functions of frequency and position,x,

along the line. In this report, no external incident fields are considered

and these sources are set equal to zero, i.e., V s x) = 01 and Is(X) = n l'

in all computations with this model.

The solution to (2-3) is

Vx) (xx -V(x + f DXX d i
x0

(2-6)

0 (xO + (X

0 (xs (xL8
where 4(x,x0 ) is the 2nX2n chain parameter matrix (or state transition

matrix) and x0 is some arbitrary position along the line x > x0. The chain

par,1aeter matrix can be partitioned as
(,x =[_11 (X'Xo) T12 (x'Xo0)] -

(Xo)L21 (X'Xo 0 22 (X'Xo) 0 7

where ij (xx 0 ) are nxn for i, j=l, 2. Thus (2-6) can be written as

+A

I(x) = 421(XXo) V(x O ) + 2(x,x O ) l(x O  + Is(X (2-8b)

The entries q) (x'x0) are given by

-t (x 0) = 1/2 T (xx) + e-(x-x Y (2-9a)

1 y(X-X0) - i(x-x -
1 (x ) =-1/2 Y_ 0 .- O T (2-9b)
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(x,x O ) -1/2 T (eX(x-xo) - e-y(x-Xo)) y-1 -l y

-21 . ...

(X,) 1/2 T (eY(X-X0) + e-Y(X-X) -
' -22 0 0T (2-9d)

yY (x-x) Z~-where e-(x-x0) is an nXn diagonal matrix with [eI(XXo) i
= ei(XX) and

[el (-xo) G - for i, j=l, ---, n and i#j. The matrix T is an nXn,

complex-valued matrix which diagonalizes the matrix product YZ as

-1 2T Y Z T = y (2-10)

y2 y2 "2 ad[2] =0fr,
where Y is an nXn diagonal matrix with ~ I a 0 for i,

J=l, --- , n and i#j. The nXn characteristic impedance matrix, ZC, is given

by

ZC = Y-1 T y T - -Z T y 1 T1 (2-11)

The transmission line is of length with termination networks at

x - 0 and at x -Xas 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) = 0 - Z0 _(0) (2-12a)

V( ) = V + Z, 1(o) (2-12b)

where V 0 and V Irare n~l complex-valued vectors of equivalent, open-circuit,

port excitation voltages (with respect to the reference conductor)and Z

and Ztare n n 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 Z-1 and (2-12b)

on the left by Z and rearranging as

1(0) = I 0 - Y0 V(0) (2-13a)

-10-
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qW

](V= - +YtV() (2-13b)

where I0 and I are equivalent, short-circuit, port excitation current

sources. The nxn port admittance matrices Y and Y are given by YO 
f

and Y= Z-1 where the inverse of an nXn matrix M is denoted by M- 1 and

I0 = YO V0, I Y V, These port admittance matrices can be found by

treating the line currents 1(0) or I( ) as independent sources and writing

the node voltage equations for the termination networ1s. The transmission

line voltages, V(O) or V(t), 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 terminction networks at x - 0 and x -. consist only of admittances

between the i-th and J-th wires, Y and Y respectively, and between
0ii i

the i-th wire and the reference conductor, Yo0 and YX , respectively, then
ii n ii

the entries in Y and Y become [Y Y + E Y [Yo]I =-Yo
iin011M01 j 1l ij 01'0_ ij

[ t + Z ,f [Y ] - f for i, jul, ___, n and iy~j.
ii Jul j Z ij ij

With x - and x0 I 0 in (2-8), one can straightforwardly obtain using

the "Generalized Thevenin Equivalent" characterization of the termination

networks given in (2-12)2

[Z 22 (Z-;C'-21 ( Z0 - !12 (C) + (_ll (") Z0 ] I(0)"

A A

[4ll (V) - 21 (;) V0  V Vs - (2-14a)

2 In (2-8a) with xX ,xo=O substitute (2-12a) for V(O) and (2-12b) for V(t).

Then substitute 1(4) from k2-8b) with x= ,xoWO into the result and re-

arrange into the form in (2-14a). Substitute V(O) from (2-12a) into

(2-8b) and rearrange to yield (2-14b).
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I W I21 (4) VO + [4 22 (t) - 021 (r) Z0] 1(0) + I () (2-14b)

where D(J,0) = t(i). V(x) and I(x) can be obtained for any x, 0 < x < e,

from (2-8) with 1(0) from the solution of (2-14a) and V(O) determined from

(2-12a). Generally, we are only interested in the terminal voltages and

currents, V(O), V(), 1(0), I(9). The terminal currents, 1(0) and 1(;0,

can be obtained from (2-14) and the terminal voltages, V(O) and V(;C), can

be obtained from (2-12). Here one only needs to solve n equations in n

unknowns (equation (2-14a)).

The (D submatrices of the chain parameter matrix in (2-7) satisfy
-ij

certain fundamental identities, [1,2]. These identities can be used to

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

21 (;) Z- 22 ( ;)} 21 ZO - T22 ( )} 1 i (O) -

-21 
(  V + {T21 (4) Z4 !22 (;) } T21 -!21 -s

A

s wr it[]0 (2-15)

wheren1 is the nXn identity matrix with (1 -- 1 and [ini 0 for i,

j=l, ---, 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, 021 () and

22 (

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 ,f 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

[ 11(-)  Y-- !12 ( t ) TO - !2 1 ) + 22 0
(2-16a)

A A

[022 () - Y 2(r) I 0 + I + I(i) - YrV(e)

V(t) =12) IO + [D112 ) - 0106 YOI V(O) + V (9) (2-16b)

[{(D12 (00 Y t- !11(U)}  012 ) YO0 - Oiil ) 00 1n]I V (0)=

(2-16c)

12(W) Ir + [012(6) Y !1z- W 112(r) -0

~A
112 Is  - Y st)

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

follow.,. One generally excires 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 contactor). The remaining circuits in the cable bundle will in-

fluence this cci,:ling to some degree and the wires in these circuits will

be designated as "jarasitic wires".

One mighL exp,.t that an upper bound estimate of the coupling between

the generator-recacnor circuit pair may be obtained if the effects of the

parasitic circuits are igncr;d. It will be shown in the computed and

experimental results that the seiisitivity of the cable responses to relative

wire position can be extvjirdinarilv large. Therefore a realistic approach

to the prediction of ceble coupling in random cable buniles (in which

-14-



TABLE I

Analogous variables in the Generalized Thevenin Equivalent (2-12) and

Generalized Norton Zquivalent (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).

Generalized Thevenin Generalized Norton
Equivalent (2-12) Equivalent (2-13)

_ (0) v(o)

! (t) _y (z)

() (0)

T12 (D21 (4)

!21(;e )  (P12 00

2 () (1
A A

V) I (;)
A A

lI4x) V (K)

-S15S

55.!



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 interactions 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 A

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-

fer~nce 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.

-4
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!1 Tf 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]. In 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 imnrersed 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-

Ireceptor paii can be derived in the following manner [1]. Consider an

I"electrically small" Ax length shown in Figure 2-5. Since the conductors

and the surrounding medium are assumed to be lossless, the resistance and

interral 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

VG (x+Ax) ) -G (
=x -jG IG (X) - jmIR(X) (2-17a)

Ax-7-
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VR (x+Ax) - W
= -jw2.IG(X) - JWR I (X) (2-17b)

m G R RAx

T (x+Ax) - Wc(x)

Ax =JW(cG+c) VG (x+Ax) + jwc V (x+Ax) (2-17c)

R RIR(x+Ax) - IR(X) -- Jj(C cR m) VR(x+Ax) (2-17d)

AX m GX+X Rj(~ m

In the limit as Ax-O these equations become the differential equations of the

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

receptor pair:

dV X)
dxC -Jw GIG(X) - jW mIR(X) (2-18a)

dVR (x)
dx - ImmG (X) - JiWRIR(X) (2-18b)

diG(x)

dx -JW(C G+cm) VG(x) + jWm VR(X) (2-18c)

, dlR(x)

dx m m VG(X) - Jw(cR+cm ) VR(X) (2-18d)

The matrix chain parameters provide a solution to the transmission line

equations by relating the voltages and currents at one end of the line,

I V0 (), VR(t), IG( ) and IR(Z), to the voltages and currents at the other end
G1 of the line VG(0), VR(0), 1G(0) and IR(O), as (see (2-6) - (2-8))

UY 1(0)

where

-20-SI



G(0 M [V (220)i
(e) V (0) V ~~

The matrix chain parameters with the wire insulations removed and perfect

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

=cos (3e -12 (2-21a)

=-Jsin(31) v L =JL iw fs n ( (2-21b)

(sin 43;
-j sin 43f) (vL) =j WC (2-21c)

$99(t) =cos(U) 1.2 (2-21d)

where is the phase constant or wave number given by B= = 27r/X;X is a

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

of propagation, v rnO /sec. The per-'unift-length. inductaacc and

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

k zI (2-22a)A

an cG + c cm) (2-22b)

1. [1 (2-22c)

where L and C satisfy [1]

-21-
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1:: 1
L C= J 11 (2-23)

12 2 12,,, V

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) = V - Z0 1(0) (2-24a)

V(e) Vj + Z I() (2-24b)

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

[cos(o ) (Zt+ Y) + Jvsin t) (Z C Z0  + L)] 1(0)- (-5
0~ (2-25)

[cos4() 12 + jvsinQ() Z ] v0 -

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 variableQ

I I ~' II~I(2-26a)
Lz(O)- L2I(-4*) 022 (-)j 1()J

or [11 (also see (2-21))

(2-26b)

J !21 2

The terminal conditions in (2-24) can also be written as

V(Z) = Vt - Z x (-I( )) (2-27a)

V(O) = 0 + Z0 (-I(0)) (2-27b)

-22-



Comparing (2-26b) and (2-27) to (2-19) and (2-24), one may obviously re-

place 1(0), Zt, Z0 , V0 , and V ir (2-25) by -I(;(), Z0, Z,, V , and VO'
'Ax

respectively, to obtain

[cosof) (Z0 + + jvsinOz) ( 0 C Z + L) 1(e)= (2-28)

-[cos t) 12 + jvsin(aZ') zo E V+ Vo

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

pair become (see Figure 2-4)

0= V (2-29a)

Ye = ro(2-29b)

[ ZoR] (2-29c)

L, e l (2-29d)L 0. ZeR

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

j one obtains

[cos(3) (ZoG + ZYG) + jvsin(Bf) G ZOG(cG + cm) + ZG IG (f)

-(2-30a)

+ [jvsin(3?) {k - c sZ R ] I 'R, Vs

'I (jvsinl3X) {k - c ZG ZOR} I IG() + [cos(3X) (ZoR +

(2-30b)
+ jvsin (3() {ZOR R (R + Om ) + tRI I = (2-)0=0

Solving for IR(t) , and utilizing VR(X) = ZXRIR(e) one obtains

VR(Z )  -Jvsin(B) Z R - c ZG ZOR} V=e m m z~GZR s (2-31)

A

-23-



where

4! A [cosQ3) (ZoG + Z G) + jvsin43-) {ZiG ZG (c G + Cm) + 2 G} ] X

[cos ) (ZOR + Z R) + jvsin O) {ZoR ZR (cR+ cm) + ZR

(2-32)
-[jvsin(3,) {Z m -Cm Z OGR} ] X

[jvsin(') {k m -c ZG ZOR}m miG O

After some manipulation,A can be written as

A= (ZOG + ' G) (Z OR + Z'R) Co 2 ()

_ v2 sin2 U) [{ZG ZOG (cG + cm) + zG} {ZOR 5R(CR + Cm)+ £R }

m - mz Z )(m -C ZG ZOR)]
(2-33)

+ jvsinO ) os 3) [(ZOR + J {ZeG Z0G (cG+ cm) + ZG }

+ (ZOG + Z G) {ZOR ZeR (c R + cm) + ,R

Similarly from (2-25), one can derive

jvsin(B 4 ZOR
V (0) = ~o~)[R A coso@e) [ZeR Z eG cm +km] "VR(O)Cm A m m

~(2-34)

+ jvsin( ) [ZtR cm £G + ZiG Zm (CG + Cm) 1Vs

where A is given in (2-33). From the property L C = -12 1 in (2-23), one~~ v ~n

can show that

m (CG +9R cm (2-35a)

k (OR +ra c c (2-35b)

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

-24-



j vsin ( Z) Z OR

VR(0) ) { cos") [ZIR ZeG cm + Z

(2-36)

+ jvsin(3) [ 'R k m (cR + CM) + ZeG 'R Cm' Vs

The solutions for the receptor terminal voltages, V R(0) and VR (), 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 VR () will be identicallyIR
zero for all frequencies whereas VR(0) 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(e) is zero for all frequencies, is

that the numerator of (2-31) be identically zero. This results in the

condition

ZOR ZG = Zm/Cm (2-37)

From (2-23), one can obtain

kG (c + C)= (cR +c c ) (2-38a)

k. (c GRc ) = c (2-38b)

2. ( + ) k. c (2-38c)

m R i Gm

and (2-37) can be written as

F!mZOR ZIG 2
c
m

R G (2-39)

(cG+cm) (c +cm)

(c+cm) (Rm+c ) ZCG ZCR

-25-



where

CG Cc +cm) (2-40a)

ZCR (2-40b)

The quantities Z and Z look somewhat like the characteristic impedances''1CG CR

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.43,<< 1, then the following

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

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

cos 3S) I (2-41a)

v sin(W) va; (2-41b)

In addition, if the termination impedances, Z Z, Z and Z , are
OG' Z'eG OR ;eR' r

frequency independent, then, for a sufficiently small frequency, one can

further approximate (2-31), (2-33) and (2-36) as

-jwXZ {9 cm ZR - Z OR}VRRm)m-o V (2-42a)
oG s Z;G OR + ZeR

j Z0OR ItM + c m  Z RA}
VR(O) (Z+Z ) ( +:R : V (2-42b)

(oG +ZG) (OR + R)

One can obtain the same result from a lumped circuit representation

of the receptor circuit in Figure 2-6 as [3]

-26-
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-jW2m Z. R J.cm zOR ze R

m00 1 'G + VG  (2-43a)
R XR + OR ZXR 'ORz +z0 + z

m R + m Z0R Z R
V (0) Z I VG (2-43b)
R R YR + ZOR R + 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

V Z G (2-44a)
ZOG+G + V

Ai

I ZOG+Z G V  
(2-44b)

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, 9, which will be classified as an inductive coupling con-

tribution and a term due to the mutual capacitance, cm , which will be

classified as a capacitive coupling contribution. The inductive and

capacitive coupling contributions are in phase in VR(0) but are 1800 out of

phase in VR(e). Clearly, the directional coupler effect will result if the

inductive and capacitive coupling contributions in VR(;) are equal in

magnitude.

Depending upon the values of 9.G' ZOR, ZtRm and c, the inductive

coupling contribution may dominate the capacitive coupling contribution and

vice versa. The inductive coupling contribution dominates the capacitive

coupling contribution in VR(C) in (2-42a) if

-28-



X >> ZR Z/G (2-45)

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

Z CG ZCR >> ZOR eG (2-46a)

or

zCG z CR
R>> i (2-46b)

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

in V R(0) if

CG CR >> 1 (2-47)

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(N) 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 V R() in (2-31).

-29-



The equation for VR(0) in (2-36) is unchanged. This result will be re-

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

become

VR(X) = jvsi£m~ 2I + c ZG Z V (2-48a)
AR(e m m eG OR s

jvs n;) Z0R { cose3) [Z + cZR (2-48b)
VR(0 A m mY ~

+ jsin(%) FZYz £m (CR + Cm) + ZfGZR Cm]' Vs

where A is given by (2-33)" The addition of the inductive and capacitive

coupling contributions in VR(;) 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(1). In cases where these contributions are of the same order of

magnitude, the addition of the two contributions in VR(;C) will yield a

result which is larger than the actual result. The result for VR(0) is,

of course, unchanged.
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III. 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 willA 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 conduct3r for the

line voltages). Wire #7 will be the generator wire and wires #1 and #13

will be the receptor wires. A ine 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 = 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

150 9 or 10K Q.

I 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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(b) 13 Wire

Figure 3-1. A cross section of the cable.
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_______Ad Ah

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 40% 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

10Q to i0,0002 for the various wire positions to determine the effect if

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 couplirg 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 Line Niodel and the BOUND Model

The multiconductor transmission line (MTL) mouel 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 Al

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

-34-
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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] ,

[cos(S) {Z0 + Z } + jsinq3e) {z + ZcZ1
~  } ~ ](0) Z

-Y¢+ [jsin3.) z 3 cos€) 1 V (3-1a)

I() =-jsin(39) Z1Iv0 + [cosU ) 1 + jsin(3) Z I 1(0)
C -o-,n .-C .-0-

(3-1b)

The wave number is given by [1]

R 27 (3-2)

where a wavelength is given by X = 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, Z0 and Z.,

and the source voltage vectors, V0 and V., are obtained from Figure 3-2.

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

2h
[Zcll= v[Li v-- 9n - - (3-3a)C ii rr wi

[ZcI v[Lj (3-3b)C ~~ ijij 2

Observe that no incident electromagnetic fields illuminate the line.

A A

Therefore V (;e) and I (e) are removed from (2-14). In addition, the wires-s -s

and the ground plane are considered to be perfect conductors.
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f for i, jl, 13 where 11 4irx1O v is the velocity of light in freeV8

space (v 3xlO8 m/sec), hi is the height of the i-th wire above ground, and
I

d is the center-to-center separation of the i-th and j-th wires. Equations

ij

(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 = 21TX/k, 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

X = kX,.

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, Z and Z mutual inductance, Z , self

capacitances of the generator and receptor circuits, cG and cR, and mutual

capacitance, c m , in the BOUND model are given by [11

9 =  2-- n -- (3-4a)

11 2hGRd 3 ~(-ck= v Zn R (3-4b)£R Z ( r wR

1' d +4h~hk = --y kn GR R (3-4c)
m 2Tr dG
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cG + cm = P v Cv kR/(G zR - k) (3-4d)

c R + c = kv Ev /(YG Y, k 2 (3-4e)R m ' 2

CG C k M( G R - )  (3-4f)

I! where hG and hR are the heights of the generator (#7) and receptor (#l) wires

GU R

.Iabove the ground plane, respectively; rw and rw are the radii of the gen-

WIIW

erator and receptor wires, respectively; dR is the center-to-center

separation between hhe generator and receptor wires, and c is the permit-

VV
tivity of free space (E v Z (1/36w) 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 (#I and #13) in Figure 3-2. The 50 0 and 10K Presistances

on the ends of the parasitic wires in Figure 3-2 will be unchanged. The

induced signal at the ends of receptor wire #1 (V1 (0) and V1 (.t)) wll be

plotted with R varied from 10 0 to 10K S. Four such results will be

obtained in terms of line length as a portion of a wavelength, i.e.,

10-4A, ;e= 10- 3  ' l0-2 X, = X. One might expect rather extreme

sentivities to be uncovered when the cable is not electrically short, e.g.,

> 10-2 X, since standing waves occur on the line for this range of fre-

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

exist even when a cable is electrically short, e.g., /S 10-2 X. The results

1,~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, V results. VI ) has a deep null at approximately

R = 230 Q. 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 Q. 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 VR

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 > 230Q, and virtually

no effect for "low impedance loads", i.e., R < 230Q.

The sensitivity to variations in wire position can be extraordinarily

large for high impedance loads, R > 230 2. Note in Figure 3-3(a) that
l-4,

= 10 X, i.e., the cable is very short, electrically. However, for

R 1200 0, increasing or decreasing the wire separations by only 10% (from

40% to 50% and from 30% to 40%) results in a change in the V1 (0) response

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

as
(VA /VB dB 20 log1 0 (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, V (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 = 230S ).

The complete frequency response forte = 10-3A tol = X 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 to Z= .5X since the

responses repeat this pattern between .5X and X, X and 1.5X, ---, 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 Q, 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 ?-i1, we compare Vl( ) and VI3( ,the voltages at the same
11

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, VI(C) and V 13() 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 3-1] for

R = 501 (low impedance loads on #1, #7, #13) that VI(X) and VI3(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 geor tor and receptor wires. For high im-

pedance loads (R = 1300 0), Vl(0) and VI3 (0) differ by as much as 25dB as

shown in Figure 3-12. This asymmetry 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).

impThese 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.

-54-

WNW,



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 [il.

In this Chapter, however, the cable bundle which was investigated in Chapter

III 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 [7].

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 ((= 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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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 S, R = IKQ, and R = 0KQ) are used

to terminate wires #1, #7, #13. This construction of these resistors resulted

in approximately lOpF 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 (50Q or IOKQ) shown in Figure 3-2 are unchanged

throughout the experiment.

Two wire separation configurations will be investigated. In the

CONTROLLED SEPARATION configuration, plastic spacers were constructed to

control the wire separations at the initial spacings used in Chapter Iii

(h = 1.2 cm, 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 1OKHz to 100 MHz. The cable is

one wavelength long at approximately 82 MHz (computed assuming free space

propagation). Thus this frequencv range will allow an investigation of the

cable responses for electrically short to electrically long cable lengths

= .00123X to 1.23X). 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-

jl



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

FREQUENCY RANGE

(1) HP 8405A Vector Voltmeter 1 MHz 1 100 MHz

(2) HP 3400A RMS Voltmeter 10 KHz 1 MHz

(3) HP 651A Oscillator 10 KHz 1 10 MHz

(4) HP 608D Oscillator 10 MHz + 100 MHz

(5) HP 5245L Counter 10 KHz 1 100 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 Lie 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. In 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 = /end of wire #1, V1 ( ), (see Figu

3-2) is plotted for R = 500 in Figure 4-3, R = IKQ in Figure 4-4 and R

1OKQ in Figure 4-5. Note that for R = 50 (low impedance loads), the

parasitic wires have virtually no effect on the coupling between wire #7

and wire #i until the line becomes electrically long, / > 1/100. Yet even

then the effect is on the order of only 6 - 10dB. However for high im-

pedance loads, R = lKQ and R = 101KS , 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 1OKS2

even though the line is very short, electrically. In the WDOM 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 PAIR Results

In this section, the distributed parameter, transmission line model

will bp 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 = 50S in Figure 4-6,

R = lKf in Figure 4-7 and R = 10KQ 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 (r 3.0) were determined in Volume I of this series [1] pp. 116 -
r

122.

In Figure 4-6, for R = 50S, the transmission line model provides pre-

diction accuracies within 1dB except in the "standing wave region", i.e.,

for;( > .iX. Similar results are obtained for R = lKQ 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 Irediction 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 = lKQ in Figure 4-10 and R = 10K0 in Figure 4-11.

For R = 50Q in Figure 4-9, the MTL model provides prediction accuracies

within IdB up to the standing wave region (/< .1X). In the etanding wave

region ( > .iX) the prediction accuracies are considerably poorer.

For R = IKC and R = 10KM in Figure 4-10 and Figure 4-11, prediction

accuracies are within 1-2dB for < .lX and for e > .lX the accuracies

are poorer aahough the model predicts the trend in the experimental results

quite well.
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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 VI(C) are obtained.

The random bundle is initially constructed and the frequency response fol

V 1() is obtained for R = 500, R = lKQ, 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 zhe

frequency response for Vl() is obtained for R = 500, R = lKand R = lOKQ?.

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 thu 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 = 50Q in Figure 4-12, the cable responses
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are virtually insensitive to wire position. However for R lK in Figure

4-13 and R = lOKQ in Figure 4-14, the minor changes in wire position result

in an extreme sensitivity of the response (V ()). For example, in Figure

4-13(a) for R = IKQ, there is as much as 35dB change in the response even

when I .00123X, i.e., the cable is very short electrically, which is caused

solely by slight changes in wire position due to untaping and then retap.ng

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 = 10K) the sensitivities are extraordinarily largt. 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 3re shown

for R = =0M in Figure 4-15, R - IM in Figure 4-16 and R - 10KQ 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 nd wire #7 is unknown. Furthermore the wires

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. Thi zhoice is, of course, arbitrary. The

-88-



-* x Data 0
0 Data $
0 Data 40

V(.) () Bound Model---_...
(Using 1/2 Bundle Diameter)

l0mV

.001 x .01lx
I I

I MHZ

'1,(U) vs '13(L) R=50QI

Random Bundle

Figure 4-J.5(a).



IV

IB

#.'100 mV 0000

-. x DataG

• -. 0 Data (2)

- A Data (3)
0 Data ®

- I Bound Model----
V, (W, V13L,) (Using 1/2 Bundle Diameter)

A x
lomv L I I , ,i ,Ilti i , ,

I MHZ 10 MHZ 100 MHZ

V,(.) vs V15(.) R=50f.

Random Bundle

Figure ,-15 (b).

-90-



4.0 x

0~ Data

V1( W V141t) Bound Model-..-.-
(Using 1/2 Bundle Diameter)

100 KHZ I MHZ
10 KHZ

/ V,(Z) vs %W ( =I)
Random Bi'rdle

Figure 4-16(a).

-91-



IV

Bound Model-_. -

(Using 1/2 Bundle /
Diameter)

0 0 0 0

I

J\
+0

jlOmY U. L

-- X \ Daa

X0 Data QD
-6- oData

IMHZ IOMHZ IOOMHZ

V(t) vs %3(f) R:lKR2

Random Bundle

Figure 4-16(b).

-92-



10KH 00H1HI0
0 1 t s 1 ()RIK0I XX

Rado BudlI0
0

Fiur 4-1(a)Ix
-93



I/I

'

! I

I'

! I I'
I I II

/ I It
/ I I

I It I
I I It

Iv x x

_x \

0.-- 0

40

0 Data
A Datai - .0- Data

V(L) V1/ 4) Bound Model___
(Using 1/2 Bundle Diameter)

10mv I ~I I A1 11 1 1 L I III11

I MHZ 10 MHZ 100 MHZ

V,(1) vs V13(L,) R=IOK,2

Random Bundle

Figure 4-17(b).

-94-

I _



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

I be the a-rerage bundle height, 1.2 cm.

The responses of wire #1, VI1 , and wire #13, V1 3( ). are shown in

the data of Figure 4-15, Figure 4-16 and Figuire 4-17. This comparison is

reievant 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 V (;) and VI3 (t). 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 th bundle.

For R - 50Q in Figure 4-15, the responses for all data sets for V ()

and V13(;t are virtually identical up to the standing wave region. The

BOUND model provides prediction accuracies within 3dB up toX - .025X.

Above this, the model tracks the envelope of the responses quite well.

For R - 1K& in Figure 4-16 and R - IOKQ 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, .7 > .

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. In 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 considerable 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

la ,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 variatiois n wire position. For

low impedance loads on the gene-ator 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 bundlc 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, rrndom cable bundle responses either are sensitive to wire

position or they are not (to what degr-e 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

wodel (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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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 wich 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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METRIC SYSTEM
BASE UNITS:

uattyUnit ~jyblFormula
letz.th metrem
tme~ kilogram kg
etri uren second selcticcuretampete 

A..ti..rrnodynamic temperature kelvin K..amount of substance mole Mol..luminous intensity candela cd..
SUPPLEMENTARY UNITS:

.4plane angle radianrd..solid angle steradian rd.
DERIVED UNITS;

Acceleration metre per second squared ... m/sactivity (of a radioactive sourc)) disintegration per second.. dsnortnyangular acceleration radian per second squared .. (rdsntgaln/angular velocity radian per second ... rid/s
area sur er .density sqar metrekilogram per cubic metr kg/rnelectric capacitance farad F A-s/Velectrical conductance Siemens S ANelectric field strength volt per metre VIMelectric inductance henry H V-a/Aelectric potential difference volt 

W/electric resistance ohm 
VIAelectromotive force volt V Ientropy joule IN-metoyJoule per kelvin INKforce newton Nko-m/sfrequency hertz Hz (cycle)/$illumninance lux lx Irwinluminance candela per square metre .. cd/rnluminous flux lumen im cd-srmagnetic field strength ampere per metre .. A/rnmagnetic flux weber Wb V-smagnetic flux density tesa T Minimagnetornotive force ampere A..power watt W. J/Sp-essure pascal Pa N/rnquantity of electricity coulomb C A-squantity of heat joule 
Nmradiant intensity watt per sterad.an I Nsmspecific heat Joule per kilogram-kelvin 

.. Ikg-Kstress psa 
/4thermal conductivity pasalpo Par-kli N/nviscity, yai metre per second Sviscosity, kynemaic pascal-second 

P-visolt iemti square metre per second rn/Svolumge volt V W/A
wavenumber rciprca metre.. (wave)/mwokjoule 

lN-m
SI PREFIXES;

- Multiplication Factors Profix SI Symbol
1 000 000 000 000 1012u teri1 000 000 000 10"ol giga1 000 000 = 10,mesa 

M1 000 = 10' kilo k100 = 102 hecto, h10 = 10' deka, do

0.1 =10J' 
decil

0 00 001 = 0-6micro

To be avoided where possible


