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PREFACE

This effort was conducted by the University of Kentucky under the
sponsorship of the Rome Air Development Center Post-Doctoral Program for
RADC's Compatibility Branch. Mr. Jim Brodock of RADC was the task project
engineer and provided overall technical direction and guidance. The
author of this report is Dr. Clayton Paul.

The RADC Post~Doctoral Pirogram is a cooperative venture between
RADC and some sixty-five universities eligible to participate in the program.
Syracuse University (Department of Electrical Engineering), Purdue University

{School of Electrical Engineering), Georgia Institute of Technology (School

of Electrical Engineering), and State/??&versity ~f New York at Buffalo /

(6;;;rtment of Flectrical Engineering) act as prfi:}ZLntEZ%ESr scgngﬁfﬁith
other schools participating via sub-contracts with the prime schools. The
U.S. Air Force Academy (Department of Electrical Engineering), Air Force
Instivute of Technology (Department of Electrical Engineering), and the
Naval Post Graduate School (Department of Electrical Enginzering) also
participate in the program.

The Post-Doctoral Program provides an opportunity for faculty at
participating universities to spend up to one year full time on exploratory
development and problem-solving efforts with the post-doctorais splitting
their time between the customer location and their educational institutions.
The program is totally customer-funded with current projects bcing undertaken
for Rome Air Development Center (RADC), Space and Missile Systems Organization
(SAMSO), Acronautical Systems Division (ASD), Electreonics Systems Division
(ESD), Air Force Avionics Laboratory (AFRL), Foreign Technology Division

(ric), Air Force Weapons Laboratory (AFWL), Armament Development and Test
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Center (ADTC), Air Force Communications Service (AFCS), Aerospace Defense
Command (ADC), Hgq USAF, Defense Ccmmunications Agency (DCR), Navy, Army,
Aerospace Medical Division (AMD), and Federal Aviation Administration (FAA).
Further information zbout the RADC Post-Doctoral Program can be
obtained from Mr. Jacob Scherer, RADC/RBC, Griffiss AF ., NY, 13441, telephone
Rutovon 587-2543, commercial (315) 330-2543.
Ciayton R. Paul received the BSEE degree from the Citadel (1963),
the MSEE degree from Georgia Institute of Technology (1964), and the
Phu azgree from Purdue University (1970). He served as a graduate
assistant (1963-64) and as an instructor (1964-65) on the faculty of
Georgia Institute of Technology. As a graduate instructor at Purdue
University (1965-70) he taught courses in linear system theory,
electrical circuits and electronics. From 1970-7". he was a Post Doctoral
Fellow with RADC, worki:.g in the area of Electromagnetic Compatibility.
His areas of research interests are in linear multivariable systems and
electrical network theory with emphasis on distributed parameter netwcrks

and multiconductor transmissior lines.
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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
bunidles result from the need to contain wi%bs 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 Lf%{ 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 1s 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 proklem is the use of uniform,
multiconductor transmission line {MTL) theory to model the cable bundle [1].
However, this model requires that the wires be parall2l 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-speced digital computer [1]. Furthermore, in cases
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where the cable responses are sensitive to variations in relative wire
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position,then it may be impossible to obtain predictions with any extreme

degree of accuracy in random cable bundles. A more reasonable approach would
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seem to be the use of simpler models which bound or at least estimate these,
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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
11, 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 3
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 :he 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 circults 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 [l] 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 fcree 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
1 homogeneous medium, the TEM mode assumption is legitimate, Fnr 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 cthe 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 condvctor 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 (xyt) = V() eJUt (2-1a)

9, 6,t) = 1,60 IF (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, (x,t) = - -Si(x,t) (2-2a)
{=1
n
IL(x) == I,(x) (2-2b)
0 o

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
a4 |yw] L 2] fue], [y
dx I(x) Y O I(x) 1 (x) (2-3)
- ~ n~ hand -8
A matrix M with m rows and p columns is said to be myxp and the element

in the i-th row and j-th column is designated by [M]11 with i=1, ===, m and

1 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+l) conductor, uniform transmission line (cont.).
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J’(X,') :
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47/1(“'?) d(x,1) E
. : 0
v, (x,1) :
2 (x) o
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| ; _
4 X x+Ax
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Figure 2-1. An (nt+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-
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&), =V, () and [1()], = I, (x).

The nXn complex-valued, symmetric matrices, % 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 independent of x.

These per-unit-length matrices are separable as

Z Bc + ijC + jwL (2-4a)

Y = G + juC (2-4b)
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 srraightforwardly obtained in terms of the elements

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

(Rl,,=r +r , [R] =r (2-5a)
~c ii c c ~c 1] c
1 0 191 0
L],,=2% +2% ,I[L]. =4 (2-5b)
~o it c c,’ "~c'ij d
i 0 191 0
(Llyg = 8y %o = 2y [L]yy = g ¥ myy = myp = myy  (2750)
1#]
n
[Slyg =850 * 2 &gy [Clyy = -8y, (2-5d)
1# i
n
(g = ey * I eyys (G, = ey (2-5e)
i=1 i#3
i#j
-B-
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The nXl column vectors, ys(x) and ls(x) contain per~unit-length

equivalent voltage and current sources, [ys(x)]i = Vsi(x) and [Es(x)]i =
IS (x), whicn 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. In this report, no external incident fields are considered
and these sources are set equal to zero, i.e., Ys(x) = ngl and Is(x) = ngl’
in all computations with this model.

The solution to (2-3) is

X
V)| _ V(x,) ~y VLR
{é(x;] = 200%p) [;(xgi] * ,£~ Al
0 -s

_ Vix,) v (x)
T 2% [z(ng ' ’£S<x)]
I (x)

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

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

parzweter matrix can be partitioned as

21 Guxg) By (xaxg)

B (x,%,) = (z=7)
251 (oxg) By (xuxp)
where ?ij(x,x ) are nxn for i, j=1, 2. Thus (2-6) can be written as
V(x) = ?11(x,x0) Y(xo) + ?lz(x,xo) z(xo) + Ys(x) (2-8a)
The entries ¢ij(x,x0) are given by
2, o) = 12 Y 1 (X0 4 YOy g7y (2-9a)
0 Gexg) =172 ¥ y(el %) - TYBHpYy 47 (2-95)
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2, (g = -1/2 7 (157} - Vg 4oL o

Yy T Y (2-9¢)
?zz(x,xo) =1/2 E (el’("'xo) + e‘l‘(x"‘o)) T‘-l (2-94d)
where gl(x‘xo) is an n¥Xn diagonal matrix with [ez(x-'XO)],i = eYi(x—xO) and
[sl((x”xo)]ij =G for 1, j=1, ~--, n and i#j. The matrix T is an nyn,
complex~valued matrix which diagonalizes the matrix product YZ as
T YZT= Y2 (2-10)

where Y2 is an nyn diagonal matrix with [YZ]ii = 'Yi and [Yzlij =0 for 1,
j=1, ===, n and i#j. The nxn characteristic impoedance matrix, ZC’ is given
by

2. =v1 T Y TlazT y'l 71

Z, =Y (2-11)

~

The transmission line is of length < with termination networks at
x = 0 and at x =Zas 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) = ¥, - 2, 1(0) (2-12a)
Ve = YI-+ 7, 1(2) (2-12b)
where YO and \_IIare nxl complex-valued vectors of equivalent, open-circuit,
port excitation voltages (with respect to the reference conductor)and Z

and ZI are 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 ZO and (2-12b)
on the left by Z-1 and rearranging as
1(0) = I, - ¥, V(0) (2-13a)
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IQ = =L, + Y V@ (2-13b)

where IO and ;iare equivalent, short-circuit, port excitation current

sources. The nyn port admitrance matrices Y' and Y ,are given by Y0 = 251

and Y £ = Z-zl where the inverse of an nyn matrix M is denoted by M-l and

-1_0 = XO \_70, Ef’ Xf YI’ 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 terminction networks at x = 0 and x =Z consist only of admittances

between the i-th and j-th wires, Yo and Y.f » respectively, and between

ij ij
the i-th wire and the reference conductor, Yo and Yz » respectively, then
ii n ii
the entries in Y, and Y_ become [Y.],, = Y + X Y [x.1., = -Y_ ,
~0 % . 0THL 0y, T g 04, 0T T oy,
(Yol,, =¥7 + I Yp , [Y,], 6 =-Y for 1, j=1, =-~, n and i¥j,
~ T T .fij ~1'43 I’ij
With x =Z 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
(2,89 W) =232, (D 2,-2, O+, &) Z)] IO0)=

(817 @ - Zghy O Yy~ Lt V() - 241, @) (2-14a)

2 In (2-8a) with x=Z ,x0=0 substitute (2-12a) for V(0) and (2-12b) for V().

Then substitute I(X) from \2-8b) with x=X ,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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L@ =8, @ U+ [0, -8 (2] 10 +I (2-14b)

where ?(1,0) = ?(i). V(x) and I(x) can be obtained for any x, 0 < x <%,
from (2-8) with I(0) from the solution of (2-14a) and V(0) determined from
(2-12a). Generally, we are only interested in the terminal voltages and
currents, V(0), V(X), I(0), I(X). The terminal currents, I(0) and I(¥),
can be obtained from (2-14) and the terminal voltages, V(0) and V(Z), 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]):

[{<~I>21 @) 24~ 200 @} {¢ 91 @) 25 = 35y @} - 11100 =

D1 @ Uyt {0y 0 Zp =0y D&y @ V-0 @ [g’s @) -
21, @) (2-15)

where ln is the nXn identity matrix with [}“]ii = 1 and [ln]ij =0 for 1,
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 (2) and
0, (£).

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 variabies in (2-13) and (2-12) and observing the

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

~-13-
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variables in (2-14) and (2-15) as shown in Table I. The result is

(Y2213 = Y2255 Yo = 200 + 8, (D) 5] V(O =
(2-16a)

(97 (@) = Yy0p @1 Ly + L% is(i) - Y,V ()
V) = 0,() I+ [2,(0) - 9, Y1 V(0) +V ()  (2-16b)

[{glz(i) zz - fll(f)} {2’12(:) !0 - ?ll(z)} - }n] v 0) =

(2-16¢c)

T @) It [0, Y- 8,1 2,0 1

’ 4

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
folluw., One generally excires one end of a generator circuit (which con~

sists nf 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 conuuctor), The remaining circuits in the cable bundle will in-
fluence this ccunling to some degree and the wires in these circuits will

“.arasitic wires”,

be designatrd as
One might expeot that an upper bound estimate of the coupling between
the generator-reccpcor cjircuit pair may be obtained if the effects of the
parasitic circuits are igncvad, It will be shown in the computed and
experimental results that thre sensitivity of the cable responses to relative

wire position can be extrvuurdinarilv large., Therefore a realistic approach

to the prediction of ccule coupling in random cable bun.!les (in which

~14-
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Analogous variables in the Generalized Thevenin Equivalent (2-12) and
Generalized Norton dquivalent (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),

TABLE I

Generalized Thevenin
Equivalent (2-12)

Generalized Norton
Equivalent (2-13)

1(0)
1)

%

22
v(0)
V()
0, (9
212
0
?220‘)
vV (D)

-S

%)
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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 interactions with the MIL

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-
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 thix 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 btundle

diameter,

-16-
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T1f 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 aj.proximations 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 purpuvse 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 imuersed 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 refercnce conductor are perfect conductors,

To obtain the equations for the receptor terminal voltages, consider
the isclated generatov~-receptur 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
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+4x) - VG(x)

- = -jul o (x) = jut Ip(x) (2-17a)

-17-
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Figure 2-5.
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VR(x+Ax) - VR(x) %

= =jul I.(x) = julyIp(x) (2-17b)

Ax :
T.(x+Ax) - I _(x) i
C G - . :
i = —Jm(cG+cm) VG(x+Ax) + juc VR(x+Ax) (2-17¢) {

I (x+Ax) - I_(x) ;
R R _ ~ 4
i = jwcmVG(x+Ax) - jw(cR+cm) VR(x+Ax) (2-174) . ;

In the limit as Ax+0 these equations become the differential equations of the

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

By

receptor pair:

T W dhed? 3L

dVG(x)
dx

= =Jwl I, (x) = jwk Io(x) (2-18a)

dVR(x)
dx

= -jwzmIG(x) - jszIR(x) (2-18b) :

41, (x) ;
X - - N\ - 3
= jw(;G+cm) VG(x, + jwcm VR(x) (2-18¢) :

dIR(x)

dx

PR

= Jue VG(X) - jw(cR+cm) VR(x) (2-184d)

et

The matrix chain parameters provide a solution to the transmission line

ARG ARES Agmiad R i 28

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

(AP EL L W

VG(i), VR(Z), IG(I) and IR(t), 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))

152 RIS ERR

YO o 0@ 5, A (2-19)
I 2010 29, 1O

SR ki war S0

Py

where

e L

P

—err
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V t = V =

- VR(f)d - _VR(O).J
I.() [1_(0)]

1@ = IGZ; L) = IG§0;
R R

(2-20)

The matrix chain parameters with the wire insulations removed and perfect

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

211(1) = cos B¥) 1,

‘blz(z) = -jSiHBZ) vL = _iji{Sin@f)}
) i ~ 3z

-1 sin@t!
¢,, &) = -jsin@r) (VL) = -ng{{ ¥

?22(2) = cosBZ) 1,

(2-21a)

(2-21b)

(2-21c)

(2-21d)

where 8 1s the phase constant or wave number given by R= eg = 2T/ A3\ 1s a

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

-~

8
of propagation, v = 3x10  m/sec., The per-~unit-length inductaace and

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

I
1
P
=]
P

and

where L and C satisfy [1]

~21-

(2-22a)

(2-22b)

(2-22¢)
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) _ L i} ;
LC=we 1, =51 (2-23)
v K
since the generator-receptor pair is assumed to be immersed in a homogeneous 5}?
i
medium (free space). 3
The termination networks are described by Generalized Thevenin Equiva- é
3
lents in (2-12) as %f
k:
-V - - i
¥(0) = ¥, - 2, 1(0) (2-24a) ?
V() = Vi + ZZ I{Z) (2-24b) ;
- - ~k = ¥
Substituting (2-24) aand (2-21) into (2-19) yields (see (2-14))
[cos®%) (Zp+ 2,) + jvsin®Z) (Z ,C Z, + L)] 1(0)=
~ ~0 ~ z-v ~0 ~ - (2_25)
{cos®Z) }'2 + jvsin(®BZ) EK 9] YO - y_z

One can easily obtain a similar equation for z(t) without any further
derivation, The matrix chain parameter solution in (2-19) may be written b
as [1] (This becomes fairly obvious when one redefines the x variable) (
i
v(0) o (<) 0. (=] [V
- | ~11 ~12 (2-26a) 3
- »
1(0) 0, () 0,0 [16) ‘
or [1] (also see (2-21)) 3
:
v(0) 0. () 0,00 v(2) 3
.l - |~ ~12 (2-26b) :
The terminal conditions in (2-24) can also be written as ?g

V(2) = ¥y = 2, (-1(2)) (2-272)
v(0) =V, + 2 (-1(0)) (2-27b) ¢
- -0 ~0 - ‘§
~»§.
—29~
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Comparing (2-26b) and (2-27) to (2-19) and (2-24), one may obviously re-

place 1(0), Zys ZO’ YO’ and Yf in (2-25) by -1{@), ZO, ZX’ Y:, and YO’
respectively, to obtain

[cosB2) (%0 +2,) + jvsin @) (EO CZp+L)] I1&)= (2-28)
~[cos BZ) %2 + jvsin(BZ) Z4 E] Vet \_70

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

palr become (see Figure 2~4)

<<
o
L]
o
| SEEN——— |
<3
w

(2-29a)
0
V=1, (2-29b)
- -
2.0
Z, = OOG . (2-29¢)
N L OR
[z, 0 ]
7, = OZG 2, (2-29d)
a~ b L R_J

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

one obtains

[cosBX) (zOG + ch) + jvsin(B?) {ch ZOG(CG + cm) + Q,G} ]IG(z)

(2-30a)
+ [jvsin®?) {Q,m - <. Zog ZZR | IR([) =V,
(jvsin@X) {lm - Zo OR} 1 1,() + [cos®7) (Zp + % p)
(2-30b)
+ jvsin @Z) {z ‘(R( +L)+5L}]1(z)-o
Solving for I (1), and utilizing V (z‘) = IR R(;(') one obtains
V() = ~jusin@2) Z,, {8 Zeg Zop! Vs (2-31)
A

“23=

iR




>
1

[cosBZ) (ZOG + ZiG) + jvsinBZ) {ZiG ZOG (cG + cm) + JLG} ] X

[cosB8X) (ZOR + ZiR) + jvsin@%) {ZOR /R (c + ¢ ) + 2, } 1

(2-32)

- [jvsin@Z) {'Q'm - Zge ZZR} ] X

[jvsin@Z) {Sbm -c Z. ZOR} 1

After some manipulation,A can be written as
= (2
2 2
- v™ sin” BZ) [{Zz’G Zog (cg t cm) + SZ.G} {z (cp + ¢ )+ % }

OR z?R

- By Zog Lp) (B - em 4o Zgg) ]

(2-33)

+ jvsin®Z) zos®Z) [(ZOR ) {iG 0G (eg* c )+ e }

+ (Zg + %) {ZOR Zyp (cp ¥ e )+ 8o } 1

Similarly from (2-25), one can derive

jvsin@B D) ZOR
R {cos(ﬁ"’) [XR 2¢ n +2 ]

VR (0) =

(2-34)
+ jvsin®¥) [ZiR <. 2’G + Z.{G R'm (cG + Cm) ]}VS

where A is given in (2-33), From the property L C = -—2 in (2-23), one

can show that

E

SLm (c:G + cm) = Q'R < (2-35a)

lm (cR + cm) = EG c (2-35b)

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

—24—




jvsinB 2) Zor
VR(O) = A { cosB?) [ZZR ZfG c, + Q,m]

(2-36)

+ jvsin 3£) [ZfR Rm (cR + cm) + ZXG L. cl} v

R m ]

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 zerc. This results in the

condition
ZOR ZiG = Rm/cm (2"37)

From (2-23), one can obtain

= ~384
QG (cG + cm) Lz (cR + cm) (2-38a)
Qm (c:G + cm) = JLR cn (2-38b)
(- = -
Slm (ep + cm) 2(,' c, (2-38c)
and (2-37) can be written as
2
2m
Zog %0 N2
c
m
[T
L2
= —— R G (2-39)

(cG+cm) (cR+cm)

:

i

Baol

X0

5

4 5




where

Z =—2’G-_
CcG V(cc+cm) (2-40a)

(2-40b)

T2
w2°

Z
CR (chcm)

The quantities Z_, and ZCR look somewhat like the characteristic impedances

CG
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, 1,e,84<< 1, then the following

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

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

TN TIT T

cos@Z) =1 (2-41a)
v sin@1) = vR¥% (2-41b)
=0

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

ettty

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

AR

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

~jwtz, {8 -c, 2, 2 .}
{ V@) = Bom T X6y (2-42a)
. (o + Zpg) o + Zyy)

4

jwZz {8 +c 2z, 2,}
OR'm m ZC 7R Vs (2-42b)

e

(Zog + Zyg) (Zop * Zog)

One can obtain the same result from a lumped circuit representation

: a

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

Figure 2~6.
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- o

jM’m_z ZOR

VR(O) = —— IG VG (2-43b)

Zyp + Zor Zeg * Zog

jwcmi Y/

+ OR 2R

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
~ 26
V. =——————— \Y (2_448)
G ZOG + %ZG s
1

I,= \Y
G ZOG + %ZG s

(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 contributicns to each receptor voltage; a term due to the mutual
inductance, Qm, 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(O) but are 180° out of
phase in VRGC). Clearly, the directional coupler effect will result if the
inductive and capacitive coupling contributions in VRCK) are equal in
magnitude.

Depending upon the values of %iG’ ZOR’ %fR’gh and s the inductive
coupling contribution may dominate the capacitive coupling contribution and
vice wersa. The inductive coupling contribution dominates the capacitive

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

-28~-




zm >> cm zOR %(G (2-43)

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

Zeo Zer ™7 Zor %o (2-46a)
or

A z

g6 -Zﬁli >> 1 (2-46b)

246 OR

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

in VR(O) if
Z Z
_CG 293- >> 1 (2-47)
¢ Lr

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 uvsed 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(17 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@Z) Zon
VR(Z) = X {zm + . Zso ZOR} A (2-48a)
jvs1in @7) ZOR
VR(O) = X { cosB%) [R,m + c Zp Zic] (2-48b)

+ jsin@%) [ZiR zm (cR + cm) + Zatcg‘n cm]} v,

where 4 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 contrivutions in VR(z? will yield a
result which is larger than the actual vesult. The result for VR(O) is,

of course, unchanged,
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ITY, 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 £ or 10K Q.

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}I3 Wire

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
507% .0875 cm .15 cm

where, for example, 407 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
108 to 10,0002 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 couplirg between wire #7
and wire #1 with the parasitic wires and wire #13 remcved (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 Model and the BOUND Model

The multiconductor transmission line (MTL) mouel described in Section
2,1 will be used to investigate the cable coupliang 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 MIL 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 {l]l,

[cos BR) {Z + le + jsin @) {Z I Ze ZO} 1 1(0) = '

..Yr+ [jsin(BL) ?-I?.Cl + cos(BZ) }-n] YO

(3-1a) ;
e ieinagy oL - -1 i
i 1@ = -sinB#) 2.7V, + [cos BR) 1+ jsin®2) Z,Z,] 1(0)
(3-1b) 2
The wave number is given by {1] ‘
R o= 20 (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 = !
3:‘:108 m/sec,

The entries in the termination impedance matrices, and Ai,

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]0 ,:

uv Zhi

[Zelyy = viklyy = Vo Mo{ 7 (3-32) ;
wi {

u 42, + 4h.h :

= \J ij i3 _

[ZC]ij = V[L]ij 5 Q,n( di' (3-3b) *
ird i#] J

Observe that no incident electromagnetic fields illuminate the line,

O

A Fa)
Therefore YS(Z) and Is(r) 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 uv = 4nx10-7 s, vV 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 B = 2nZ/A, i.e., the responses at each
frequency are dependent only upon the portion of a wavelength that the line
occuples, The computed results will therefore be plotted in terms of
Z= .

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 receptcr 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 QR’ mutual inductance, Qm, self

capacitances of the gererator and receptor circuits, c, and CR? and mutual

G
capacitance, C? in the BOUND model are given by {1]

u 2h
Lo s Q.n( -;-‘3\ (3-4a)
‘wG
u 2h
o= Y o X (3-4b)
R f r
wR
U /d2 + 4h h
2m= -2-1‘-:- Q;n _(_;_I_{_,&_____G__& (3-4C)
GR
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% +c = 8 /@R, L - 22 (3-4d %
3 T T W & BRI Ry m D) ~4d) i
g i 2 o
if cR + cm - uv ev Iz'G/('Q'G 2R - lm) (3-4e) %
ks =
| 2 3
1;;: Cm = uv Ev 2m/(R'G jz'R - zm) (3-4£) %
| : @
r?; where b, and hR are the heights of the generator (#7) and receptor (#1) wires :
i | ;

g | ’ above the ground plane, respectively; TG

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

and r g are the radii of the gen~

separation between the generator and receptor wires, and ev is the’permit— 3
; tivity of free space (eV = (1/36m) x 10-9). The BOUND model is extremely '%
3 simple to program on a digital computer. 7
3 ;
'g 3.2 Sensitivity of the Cable Restonses to Wire Position and Effect of ;
7; Parasitic Wires as a Function of Impedance Levels §
% In this section, we will investigate the sensitivity of the cable re-
E 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
g‘{ receptor wires (#1 and #13) in Figure 3-2, The 50 Q and 10K Qresistances
!i on the ends of the parasitic wires in Figure 3~2 will be unchanged. The
'ijé induced signal at the ends of receptor wire #1 (Vl(O) and Vlcf)) will be
? plotted with R varied from 10 € to 10K £, Four such results will be
g ] obtained in terms of line length as a portion of a wavelength, i,e.,
: Z = 10_4)\, Z = 10—3)\, Z= 10-2>\, Z = ]0-]')\. One might expect rather extvreme
b
? sentivities to be uncovered when the cable is not electrically short, e.g.,
z Z> lO_ZX, since standing waves occur on the line for this range of fre-
{% i quencles.1 However, it is not generally known that large sensitivities can
% E exist even when a cable is electrically short, e.g.,?fs 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(), 3-5(b) and 3-6(b) that the directional coupler effects are
evident in the PAIR, vl(z) results. Vlcz) 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 > 230Q, and virtually
no effect for "low impedance loads", i.e., R < 2309.1

The sensitivity to variations in wire position can be extracrdinarily
large for high impedance loads, R > 230 Q, Note in Figure 3-3(a) that
Z = 10'4A, i.e,, the cable 1s very short, electrically. However, for
R = 1200 €, increasing or decreasing the wire separations by only 10% (from

40% to 50% 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

= f 3
(VA/V 20 log10 (VA/VB,

B)dB

~38=



dgerd

2508

5o,

Xt

;f :
_,
3
5
j’é
4
3 3
s

B
&
s

V/(0) (50%) Pair Parr | 2
Bound V(0) (40%) ~—V,(0) ] i
ImV — P E‘?
— Pair Qir ¢ }
— V,(0) (50%) (0} (30%)
— 13 Wire
[ V,(0) I3 Wire ;
Vi(0) (50%)\
. 13 Wire
— 13 Wire V)(0) (40%)
V(0) (30%)
AmV —
n 13 Wire \4(0)
_ I3 Wire
Otmy £ V,(0) (50%)
— 13 Wire
— V\(C) (20%)
! R
00! my vl gy L LiliiiR
10 100 1060 10000
-e I3 Wire
V(O) (2=10"*)) ~~V,(0)(40%)
Figure 3~3(a),
-39~
R AR o B I 5 vt ras et M A R AT T R e Pt sl .- K3 oW o L T MR Y T T TR WEOSVRRRs A

o i e s S W i > 2 o

V,0) (=10"*))

xé“h"‘”“

Y

dsetadis




T ——— e e .

"‘2
§
V@) #=107*N) Pair /
! V() (50%)— ey
v/
vy
Y/ /4
'm e Pair Pair 7/
— & Vi(50%) V;<f)(40°/;, so&)
— X Bound s i
N <: ’ e 2 Pair
— Seee -7 ~V,(%) (30%)
- 13 Wire
Parr V, (%) (50%)
! %
— Pair '
— V(L) ——
| 13 Wire
V, (X)(30%)
- 13 Wire
o v, )
Lot vl Yo gdRr
™o 100 000 | 10000

v, (=10"*\)

Figure 3-3(b),

40~

R o S T Fpe, AW DREFET Y Sx el




w TS
. TR T O T TR

= R A Mk PRI FRTE caEnpRt i 7
(e e - R

i
3 V,(0) (1=1073X) Pair
i J V,(0) (50%)
& Parr
] 1 V(0) (50%) Pair
i

| / Bound —«\v,(c» (40%)/ Vit
10 mvV NV 2

Pair
V(0)(30%)

Pair
V(0) (50%)

G
R

I

13 Wire
() (50%)

., o . ‘F_‘?
’“&W&é&‘wﬁi&ﬁk‘@?ﬂ%ﬁ%&ﬂﬁﬁﬂq&w«/m&psm&‘:‘wgﬁ:&xxmmﬁrm,ﬁ
ST SR S R R ;

X R :’,.‘:\ ‘_,V‘T':tl"ﬁi,: ;o .,:’ ';.
AR SR R

(%

13 Wire

AT

13 Wire

2 | mv V,(0)

TTTTTT]

13 Wire
V,0)(30%)

mV

13 Wire
V|(0)(50%)

/l
=\
N

TTTTIT]

. -

13 Wire
' <= V/(0) (40%)

By gt
.

1

1

ofmy Loftdl Lo I EEEL
10 100 1000

-

100C0

V,(0) (Z=107\)

Figure 3-4(a),

41~

! e o H AT SO  E B atle
g2y Aﬁﬁ#ﬁ@@ﬁ@hﬁ%ﬁﬁwﬁﬁéﬂmﬁﬂﬂ&ﬁ@n&@@ﬁnx&wﬂ&m&%amﬂﬁ%ﬁw@ﬁ%&?8«*dﬁA2&@




3‘ ! - R L TENTERCATRS R A ST 2t PIRAEAO M 2T y-4 WW&W“ i

,,: 3 %S
Y
&
X

Parr /

V,(2) (x =1073X) V(1) (50%)
Pair Pair
X)(40%
IomV = Pair y Par
- V| (£) (50%) VI (2)(30%)
o Bound 13 Wire
- V,(£)(50%)
ls ere hal PRREEY
V, (&) 13 Wire
, B V,() (40%)
8 IV —
3 -
L -
b B 13 Wire
— V(%) (30%)
I3 Wire
v, (1)
. ImVi—
| _
p !
\ -
\
4 -
]
|
] SO I T 1 ) A W Y B W W R TR .
i o 100 1000 10000
| V&) (&=10"3))
-
[
” Figure 3-4(b),

-42-

g < THHL ey O S «-k S Sk Yol *o vt - s C VTN T



v, (05 (L =102 1)

LR IR R AL 1T T

IBRERR

]

Pair V,(0) (50 %) V,(0) Pair (50 % )~
Bound

V, (0) Pair

i [
100mV 13 Wire V,(0)(50%)

-

V,(0) Pair (50%)

V,(0) Pair (30 %) _]
V|(O) Pair -
V,(0) Pair (40%) -

BN

I

oo

s ueh

]

13 Wire V,{0)}(50 %)~ —
13 wire Vv, (0)

3 ‘3 Wire V, (0)—"

10mv 13 Wire

V(0)(40 %)

13 Wire Vv, (0)(40%)

»
e oy LB
B
JP PR

| I3 Wire V,(0) (50% V,(0)(30%) _|

A N e A SR B LR

.y

13 Wire V,(0)(40%)
imV Lt pttyl I [ L4 plbinl R

100 1000 10000
V,(0) (-L”=|0'2)\)

i

SR
o

.
LR

T Y
A G SR A

Figure 3-5(2),

L

—43-

=
5
.
b2
£
A
%

WGETEN

X 1 VYT e TS oot N <ol P, O% VYl g il i et da Yalhé o - 2SR S — Y 7 TE G e
fip ed padih i Ui 4 pt, Liakied
W VIR E p ghess o Al - P




b - N B 7 e O EEE e G TR
‘ - ) bl S AN SRR e VARG S T

ol

i%z
”~ o
[ v,(.[)(.l)no-2 \) /,’ %
pair v, (L) (50%) e 7
Bound 2
\,V, ( [) Pair (50%) 7 \%
&
\ / %
100mV =~ llllll T T 1 ]|||]} T TTTT=S 3
: \\ y/ ([) : . R
— A /, vl — J
— N e Pair(50%) — %
— \\ // . - f.i
I3 Wire S~ Vv, (£) Pair 3
wd) 3 wire v( (505
— 13 Wire v,([) ire V(£ )(50% )
(50%)
I0OmV — —
N v,(l')
Pgir 13 Wire
v.(/)(40% ]
I3 Wire—* Bwi
ImV f— / ire —
- \
= (£ viiZ)(30%) 3
mv Lol L1 L1yt Lol R
10 100 1000 10000

v,([) (/=|o-’>)

Figure 3-5(b),

lylym




/e
;
£

I00mV

IOmV

ImV

V,(0)

(.Z)=|o">\)

T 1T T1HI

—

TT 1111

o
-
.
-

|

T

v, (0) Pair (50 %)

T III] T T TTTT | RERL

Pair V, (3 )(50%) Bound

Lid

|

V,(0) Pair

13 Wire V,(0)(40%)
13 Wire V,(0)(50%)

13 Wire V, (0)(50%/

|

13 Wire V, (0
13 Wire V,(0)(40%) ire V,(0)

13 Wire V,(0)(30%)
V,(0) 13 Wire

[ 1111t S Lt Ll

I3 Wire V,(0)(30%)} |

11

—

1 il

1

100 1000
vV, (0) (.Z}=|o-'>\)

Figure 3-6(a).

-45-

10000



V([;

(L1072

LIILILRR!

1

1I00mV

llllll

1

IOmV b

TTTT

imV -

Pair

]

| RBLRL AR EERE AR
VI -Z;)POW(SO% l 3

Bound V| ([) Polr(SO% \=

v ([ 50%\
()1 /(,(1’)

13 wire v, (L) is0%)

|

Lt 111l

13 Wire V.(-[)

3 V‘Jz)ire —
V) (<£)(40%)
Pair V, (Ly—" '

13 wire v, ()
13 wire v, (L) (30%)

llHlI | lllllll 1

A4
1000 10000

v,(/)(.l’=|o">\)

Figure 3-6(b),

b=

s Te TaTaE T T LT See S NOERTRERST A

< il

St B BES RN y F Bnr n Eul0A 2 LRSI (e X A S E R R S N ket e

iﬁ&m’*—nz R T O T S N s S T i



(13 WIRE, all wires present) of as much as 40dB or more(the null at R =
12009 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 = 2300 ).

The complete frequency response forZ = 10_3>\ 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 .5A 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. 1In addition, the
parasitic wires have virtually no effect on the coupling between the
generator and receptor wires,

In Figure ?-11, we compare Vl(Z) and Vl3(15. 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(zD and V13(i) 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 = 508 (low impedance loads on #1, #7, #13) that Vl(I) and Vl3(1) are

almost identical. This again shows that for low impedance loads on the
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3 %
5§ generator and receptor wires, the parasitic wires have virtually no effect §
€§§ on the coupling between the gencr tor and receptor wires. For high im- §
:%: pedance loads (R = 1300 Q), Vl(O) and V13(0) differ by as much as 25dB as §
;;5 shown in Figure 3~12, This asymmetry is clearly due tn the asymmetric §
};? load structure on the parasitic wires since the cable bundle has physical %
i;% symmetry about a vertical line through its center (wire #7). ]
~§i These computed results clearly show (for this cable) that for high

gé 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

'g cable responses are insensitive to wire position and the parasitic wires

Jg‘ have virtually no effect on the coupling between the generator and receptor

: wires,
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IV, EXPERIMENTAL VERIFICATION OF THE SENSITIVITY %g

2
OF CABLE RESPONSES TO VARIATIONS IN WIRE POSITION =

G i eA T oY,

—

o et e sl

The sensitivity of cable responses to variations in wire position and

5

7

the effect of parasitic wires in the cable on the coupling between a gen-

oo

hid

erator circuit and a receptor circuit were investigated in Chapter III by

;,V‘, J‘ BT TR
RO B

using the distributed parameter, multiconductor transmission line (MTL)

<3

ke

model. The wires were assumed to be bare,i.e., dielectric insulations

o

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 MIL model used in Chapter III

e e B s S
it Aot e o LA T

was that the addition of dielectric insulations increases the required com-

s
LT

putation time for the MTL model considerably [1]. Furthermore, reasonable

e

e

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].
2

£ b

3 In this Chapter, however, the cable bundle which was investigated in Chapter
1

E III will be constructed of dielectric-insulated wires and the cable responses
b will be investigated experimentally, The MTL model predictions as well as

the BOUND model predictions will also be compared to the experimental

Lokl
-

results, The MTL predictions were obtained using the XTALK computer program

3 ) described in Volume VII of this series [7].
i 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 (1= 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

AT S L
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The experimental configuration,

Figure 4-1,
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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 §, R = 1K, and R = 10K{}) are used

to terminate wires #1, #7, #13., This construction of these resistors resulted
in approximately 1OpF 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 tarminating both ends

of the parasitic wires (508 or 10K{) 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 IIl.

(h = 1.2 cmy Ah = .3 cmy, 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 frequencv range will allow an investigation of thea
cable responses for electrically short to electrically long cable lengths
(Z=.00123x to £ = 1.231). 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,
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The apparatus used for measurement and excitation of the line are:

FREQUENCY RANGE

b i e A

(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 -

celved voltages are phasors with a magnitude and phase angle relative to

§

the source, only iue magnitudes will be plotted,

The various notations on the plotted data are:

EXP - Experimental Results

W&mmﬁéﬁﬁmmg@%@%ﬁﬂ%ﬁﬁ%ﬁﬁm@m&ﬁhm@@mmﬁgﬁ%ﬁﬁﬁﬁ%%%&ﬁagﬁ&agmﬂ&mA

G

13 WIRE - All wires present (see Figure 3~1(a))

4.

o P

PAIR - Only wires #1 and #7 present and the remaining wires removed

(see Figure 3-1(b))

{af i

CIST - 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

B
A
Z
k-

WIRE, DIST denotes the wodel applied to the configuration con-

Z } 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 =Zend of wire #1, Vl(‘t), (see Figuy

3-2) is plotted for R = 50 in Figure 4~3, R = 1K{ in Figure 4~4 and R =

10KQ in Figure 4-5, Note that for R = 508 (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,;f > 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 = 10KQ

even though the line is very short, electrically, 1In 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 PAIR Results

In this section, the distributed parameter, transmission line model

will be investigated to determine its ability to predict the coupling between

-61~
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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,
g | R = 1KQ 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-

Efi length parameters., The per-unit-length capacitances with wire insulations

LRI

included (sr = 3.0) were determined in Volume I of this series [1] pp. 116 -

122, L
In Figure 4-6, for R = 508, the transmission line model provides pre-

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

for Z > .1\, Similar results are obtained for R = 1KQ in Figure 4-7 and

R = 10Ki in Figure 4-8, Note, however, that for these cases the wire i

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

4,3 “rediction Accuracies of the MTL Model for 13 WIRE Results Lg

{ in this section, the distributed parameter, transmission line model %
will be investigated to determine its ability to predict the coupling é

between the generator circuit (wire #7) and the receptor circuit (wire #1) E

when all 13 wires are present (13 WIRE). The results are shown for R = 50Q %

{

e ¢ ol

‘ T S T R LT Slanedni s oS
AR IR M ARSI IS T IS~ 2O 2 €. 0 S BENABRINNT 0 1, 8 AN I e
BRI (AR ] N BT R

in Figure 4-9, R = 1KQ in Figure 4-10 and R = 10KQ in Figure 4-11,

St E e Wisdo oM 2 oy
p o0 2 3

For R = 500 in Figure 4-9, the MTL model provides prediction accuracies i

z4

within 1dB up to the standing wave region (Z{< «11). In the ctanding wave a
fe

iR

region (Z> .1\) the prediction accuracies are considerably poorer. :

For R = 1K and R = 10KQ in Figure 4-10 and Figure 4-11, prediction

BT

accuracies are within 1-2dB for Z < .1\ and for £ > .1) the accuracies
are poorer aithough the model predicts the trend in the experimental results

quite well,
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4,4 Sensitivitv of Cable Responses to Variations in Wire Position

In random cables, relative wire position is unknown and varies in some

e s

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 grouni
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(t) are obtained.

+he random bundle is initially constructed and the frequency response for
Vl(i) is obtained for R = 508, R = 1K{, R = 10KQ, This is denoted as Data
(1) on the graphs. The tape 1s 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 che

i

frequency response for Vlcz) is obtained for R = 509, R = 1KQand R = 10XQ.

This is designated as Data (2). This process is repeated *o 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

WG s
N e NodaMa s
-y -

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 th. same fashion as random

£ P

bundles are constructed for the same type of aircraft on a producticn line.

Sy K

Clearly, these data should indicate the sensitivity of the cable responses

to variations in wire position,

Note that for R = 50§ in Figure 4-12, the cable responses
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are virtually insensitive to wire position, However for R = 1KQ in Figure

4-13 and K = 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 z'= .00123), i.e., the cable iIs 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 = 50Q), the responses
are virtually insensitive to wire position. For high impedance loads
(x = 1KQ and R = 10KQ2) 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 ire shown
for R = 50Q in Figure 4~15, R = 1KQ in Figure 4-1€ 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 '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. choice is, of course, arbitrary., The

~88-




b Ok

R ST T R

T R M PPN e

.

100 mv

10 mV

.
0
Rgslele
¢ X Data (D -.‘-’_:2"
0 0 Data Q) AR
o A Data [
° o @
V(L) v )Bound Model . _ _ _ A¢
' i d (Using 1/2 Bundle Diameter) 4 /
(]
45
g
&
A ?/-
- :/
% 4
o/
(0.0/DY Ol
L L L1 gy
100 KHZ | MHZ
VilL) vs V(L) R=500

Random Bundle

Figure 4-15(a),

~80—



V(L) Vsld) Bound Model — ———

|
10 mV l | i llillll ]

(Using /2 Bundle Diameter)
AN

]

—

I MHZ 10 MHZ

V(L) vs Vu(L) R=50Q

Random Bundle

Figure 4-15(b).

|00 MHZ




g
;

{OmV A o)

/
tmV Data

Data
Data
Uata
Bound Model . . .

DO O

Vile)  Vidd)

(Using I/2 Bundle Diometer)

001 A Oi X
Y Loy L
/ 100 KHZ | MH7

V(L) vs Vs(d) R=IKQ
Random Burdle

Figure 4-16(a).

9]




T S
S P S ey A

Gt S

a2

&
S

.

N TN

ey Mot
T Y

b’ Ty
el

i e

ot

-

RIS I SN e A

N

3 A ook
RS

P

Bound Mode! - .-
— (Using 172 Bundle
Diameter )

e -~
| =L =

-
Wy ‘b‘ ol @'

[}
g &

A

O

i U T Y |

10OmV ' e
o2 IOOMHZ

IMHZ
Vi(£) vs V(1) R=1KQ
Random Hundle

Figure 4-16(b).

=92~




B Attt

ey e -

A v o

b

. e e me -

I00OmV

IOmV

Bound Model — - —
(Using I/2 Bundle Diameter)

x Data
o Data @
a Data @
o Dota @
e
G AR A Y
001X ‘O')W
-y ] | llllllll N lJLllL|l
IOKHZ IO0OKHZ

V(1) vs Vi3 (2) R=10KS)
Random Bundle

Figure 4-17(a).

~93~

IMHZ



N
T
=
—1 ©
“ o
D p—
]
7 S
X
o
@, —_— — "
> o
H’lw .
5 -~ 2 =
e N 2 E S
i < <A Q = — 2 o 1 i
: /O./o RN < B O - > 4 3
; / Q AI'A [ O .oovBl.d m .% m o 1]
9 \ O X 4 Q0 O Sy — S =
: \ o XX Ip o0ne=s | 38 2
mm, \ o § X (px ° 299958 - o
t GOO%O% >
\ O ¢l LOX O oooom= .
3 ._ —
{ 04 X { O ]
\ x o<y
: 1 % >
\ o) K (OX O -]
L \ —_
| \ L XoR o]
o \ >
g \ .
w NI | L h da—hh 1 | W
i, > 2 > =
b Q o
g
¢
¥
7,
Wm:’;.ig.lai‘
)
e Ry A SISIRGRIN A R e

G it i ey e B e R S oS N SRR R ke SRR R ISR A T R




I S e T R S T R e

Jrpesmpen, FESRIRE  T E

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 awverage bundle height, 1,2 cm.

The responses of wire #1, Vl(i), and wire #13, Vl3(i). are shown in
the data of Figure 4~15, Figure 4-16 and Figure 4~17. This comparison is
rerevant since the load structure on wire #1 and on wire #13 is identical
(R on both e¢nds of each wire). Therefore in this closely coupled bundle,
these circuits are virtually indistinguishable from each other. Of interest
here is any difference bgtween Vl(i) and V13(1). Such differences provide
an additional indication of the sensitivity of the cabie responses to wire
position as well as the effect of parasitic wires in ths: Hundle,

For R = 508! in Figure 4~15, the responses for all data sets for Vl(t)
and Vl3(iﬁ are virtually identical up to the standing wave region., The
BOUND model provides prediction accuracies within 3dB up toJf = ,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 Letween 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,J( > 1A,
the model tracks the envelope of the responses to some dagree although
there is a considerable variation at certa.n frequencies, This 1s 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, relatiie wire position is unknown and varies in some uncontrolled

At

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-

e a5

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 valuec 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 variatious in wire position. For
low impedance loads on the genevator 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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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
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 variatious in wire position. For
low impedance }oads on the genevator 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 svecific case was
shown for which the prediction of crosstalk in a random cabl: 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, rindom 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
rodel (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 encails
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

4 et " i S

% 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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| ._Quantity _Unit__ _SI Symbol _ _Formul
! ler-3th metre m
i ma:s kilogram kg
e . time second s
- : electric current ampete A
e i tiermodynamic temperature kelvin K
- | amount of substance mole mol
2 luminous intensity candela cd
SUPPLEMENTARY UNITS:
plane angle radian rad
solid angle steradian sr
DERIVED UNITS:
Acceleration metre per second squared mis
activity (of a radioactive source) disintegration per second (disintegration)/s
angular acceleration radian per second squared rad’s
angular velocity radian per second rad/s
area square metre m
density kilogram per cubic: metre kg/m
electric capacitance farad F AV
electrical conductance siemens S AN
electric field strength volt per metre . Vim
electric inductance henry H Vs/A
electric potentia) difference volt A WIA
electric resistance ohm VIA
electromotive force voit v win
energy joule ] Nem
entropy joule per kelvin i 3
force newton N kg:m/s
frequency hertz Hz {cycle)is
illuminance lux Ix Im/m
luminance candela per square metre . cd/m
luminous flux lumen Im cd-sr
magnetic field strength ampere per metre Am
magnetic flux weber wb Vs
magnetic flux density tesla T Wbim
magnetomotive force ampere A
power watt w Jis
P essure pescal Pa Nim
quantity of electricity coulomb C As
quantity of heat joule ] Nem
radiant intensity watt per sterad.an “ Wisr
specific. heat joule per kilogram-kelvin . Jikg-K
stress pascal Pa Nim
thermal conductivity watt par metre-kelvin Wim-K
velocity metre per second s
viscosity, dynamic pascal-second Pas
viscosity, kinematic square metre per second . mis
voltage volt Y WIA
volume cubic tnetre m
wavenumber reciprocal metre {wave)m
work joule ) Nem
. SI PREFIXES:
e
b _Multiplication Factors Prafix St Symbaol
> 1 000 000 000 000 = 102 tora T
é 1000 000 600 = 10* Riga G
1000 000 = 10% mege M
1000 = 10 kilo k
100 = 10?2 hecto® h
10 = 10" deks® da
0.1 = 101 deci® d
0.01 = 102 onti® [H
0001 = 19-° milli m
0000001 = 109~ micro H
00000600 00 = 10-¢ nano n
0.000 000 0O 001 -~ 10- 12 pico p
0.000 000 60O 00 001 10— fomte
0.000 000 000 V00 00O V0T 3 ™ atto f

* To be avoided where possible




