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ABSTRACT

A model is designed to predict the electromagnetic interference noise from
adjacent circuits. Experimental results are obtained for three Rip Cord cables and
compared with predictions of the multi conductor transmission line models. Based on the
experimental configurations tested, it appears that accurate predictions of crosstalk-
coupling can be achieved in these controlled-characteristic cables.

The prediction is accurate for high frequencies (i.e. 80 MHz) where the lines are
electrically long or for low frequencies (i.e. 100 kHz) where the lines are electrically
short. Typical applications are circuits of n wires, n wires above a ground plane, UTP

(unshielded twisted pair), STP (shielded twisted pair), and coaxial cables.
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CHAPTER ONE

INTRODUCTION

One of the primary requirements for vehicles (automobiles and trucks) is to be
dependent on electronics for their performance, or in other words, to be controlled by
high frequency data communication structure. Hence they are becoming increasingly
susceptible to external electromagnetic emissions and are becoming sources of
electromagnetic emissions. In order to ensure that these electrics or data communication
structure will not be interfered with or cause interference among themselves or with
external receptors, a procedure is needed to be established to ensure that the data cable
structures are best suited for their intended use in the vehicle network.

This thesis concerns the analysis and prediction of data communication structure
at both low and high frequency. The analysis depends on the ability of data
communication structure which is electromagnetic emission to cause interference in
electrical and electronic devices. This kind of interference can cause one of the circuits
to function properly or may damage the whole circuit. One of the main factors that
should be taken into consideration is frequency; due to the fact that at high frequency the
interference will be the major influence [1].

Communications between circuits will be affected by electromagnetic
interference, which is caused by data transmission line coupling. Figure 1 illustrates the
main problem. The interference happens between all data transmission lines. In order to
obtain a complete solution for the interference between the lines, we need to understand
the behavior of circuits at high frequency which will be discussed in chapter 2. After that
we discuss the concept of coupling in chapter 3. Chapter 4, parameters per unit length for
data transmission line, will discussed methods to find the parameters per unit length-data
transmission lines and how these methods can be applied. The solutions to multi-data
transmission lines and finding the interference will be presented in chapter 5, multi-

transmission lines. In chapter 6, three Rib Cord wires are analyzed and tested. Finally, in



chapter 7, conclusion is provided, a picture of what can be done in the future, and ways to

do it are also provided.

J:._ Cireutnr————-- e— Clrcurt M 1
r-_l' Gircu 3 === \k ] GATCUIE G 1
¥ 2 P an |
I—Circuit2"--'---' \ l---.ClrcurtB —l
» \ 1 Py
—'_i | Cireuit | F=—-—--" -~/ Circuit A —l

Figure 1: Data transmission lines.



CHAPTER TWO

CIRCUIT HIGH FREQUENCY BEHAVIOR

Circuit components vary with frequency. Since actual components are not ideal,
their characteristics and impendence deviate from those of the theoretical components. In
this chapter we discuss the typical circuit components and how the component
characteristics vary with frequency since there are several major differences between
signals at high frequency and their counterparts at low frequency or even DC (direct
current). Wire, resistance, capacitance, and inductance are our interest here.

Before going further, the question of whether a circuit or discrete component has
to be treated in high or low frequency should be discussed [2]. The transition from low
frequency analysis like Kirchhoff’s laws to high frequency treatment involving voltage
and current waves depends on signal wavelength in comparison with the maximum size
of the circuit or discrete component. The transition takes place gradually as the signal
wavelength becomes increasingly comparable with the circuit or the discrete component.
As a rule of thumb, when the maximum length of circuit is more than 1/10 of the signal
wavelength, high frequency theories should be taken into consideration since the low

frequency rules do not apply. This is written as:

A> i : High frequencies behavior should be taken

10 i1 consideration
2.1)
A< i : Low frequencies behavior can be applied
10

such as Kirchhoff’s laws

where A is the maximum length of circuit, and A is the wavelength of the frequency of

interest.



2.1 Wires

Normally, wires or conductors are not considered as a component; however, at
high frequency, wire acts as an inductor. As an example, if a pair of lines or conductors
is electrically long for the frequency of operation, then we should deal with them as
transmission line. On the other side, if a pair is electrically short, then the normal model]
(short circuit) for wires at low frequency should be taken in consideration.

Usually, the behavior of a conductor depends on the length and cross section area
or radius of cross section area of the conductor. To standardize the wires, the American
Wire Gauge (AWG) system is used widely. In this system, the diameter of a wire will
roughly double for every six gauges. There are two main factors that influence the
behavior of a conductor: skin effect and inductance [3].

The electrical signals propagate less inside the conductor as frequency increases,
at the same time, the current density increases near the outside perimeter as shown in
figure 2[3]. This effect is known as the skin effect. For instance, a copper wire of radius
r, length 2., and conductivity ¢ has a DC resistance of:

Rpe =—— 22)
Ty O

cond

p 4 LF > e
ff;‘—"*-\
+ 0y

d HF R L
/ / —n v«‘;\_._;"u" T

v

Figure 2: The skin effect in a wire.



The skin depth is:
oLt (2.3)

\ 7 o Cond

Further calculations reveal normalized resistance under high frequency is:

N ro_ A f ,
R=R,. 5 " B /(m (2.4)

The internal inductance usually is negligible compared to the external inductance.

The internal inductance is further reduced when higher frequency currents are considered.

The DC internal inductance (L jpemal) is derived as [4]:

- 7;_”0 For low frequency (2.5)
T

internal

The current will tend toward the surface as frequency increased (high frequency);

the high frequency internal inductance is derived as [5]:

Linlemal = 2 5 Li"lL'mG/ " * 2 (26)
r drr\ofr

For two parallel conductors carrying uniform current in opposite directions and

running in free space with D as center-to-center spacing, and ¢ as the wire diameter, the

external inductance is derived as [1]:

Lexiernat = 0.01 x lO_6 l[nz—dD_ (27)

2.2 Resistors

One of the most common circuit elements in electronics is a resistor. It can take
on many forms such as
» Thin film type
» Composition or carbon resistors
»  Wire wound
Resistors behave differently at low frequencies than high frequencies. Atlow

frequencyV ~ R I, where R is the resistor, / is the current through the resistor, and V'

is the voltage across the resistor. On the other hand, |7 # R J at high frequency. The



ideal frequency response of a resistor has a magnitude equal to the value of the resistor
and a phase angle of 0 degrees [3].

At high frequency, the equivalent circuit representation of a resistor of value R is
shown in figure 3. The representation takes into account the finite lead length as well as
parasitic capacitance C1 is the capacitance that represents a certain charge separation

effect, while C2 is the lead capacitance [6].

c1
TH—
R

P e Vel — LU Uan N Y

__“___

Figure 3: Equivalent circuit of a resistor (high frequency).

2.3 Capacitors

The behavior of a capacitor is dependent on its dielectric; for a paralle] plate
capacitor, designers define capacitance with the assumption that the separation between
the plates is much smaller than the area as:

A
—_— s 2.8
C=¢ p (2.8)

where ¢ is the permittivity for the dielectric between the plates, 4 is the cross section
area between the plates, and d is the separation between the plates. The frequency

response of an ideal capacitor is defined as [7]:

oL _ 1 gp (2.9)
JjoC  joC

The equivalent circuit for a real capacitor in high frequency is shown in figure 4,
where Rx is the dielectric insulation resistance, Ry is the series resistance, L is the

inductance that has been generated by the leads, and C is the actual capacitance.
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Figure 4: Equivalent circuit of a capacitor (high frequency).

2.4 Inductors

Inductors can be used in many applications such as filters, shifters, and

microwave circuits. The response of an ideal inductor is [7]:
Z = jolL = wL/ 90° (2.10)
The equivalent circuit for a real inductor at high frequency is shown in figure 5,

where Cy is the distributed shunt capacitance, Rx represents the internal series resistance

of the inductor and the shunt resistance between turns, and L is the actual inductor.

Figure 5: Equivalent circuit of an inductor (high frequency).



CHAPTER THREE

COUPLING MECHANISMS

This chapter covers the coupling mechanisms that occur between cables. For
simplicity, we are going to assume that the coupling between cables is weak; therefore
the victim cable is not coupling back to the source cable.

Two types of coupling are discussed in this chapter; capacitive coupling and
inductive coupling. Capacitive coupling and inductive coupling occur simultaneously,
and it is not easy to distinguish between them. For simplicity, if we connect the source
circuit to an open load (i.e. 10 M Q ), the current will be almost zero, and the voltage will
be same as the source voltage along the source cable, which will turn capacitive coupling
to maximum influence and the inductive coupling to almost zero influence. On the other
hand, if we connect the source circuit to a short load (i.e. 1 Q), the current will be very
large along the source cable, and the voltage difference along the source cable will be
almost zero, which will turn inductive coupling to maximum influence and the capacitive

coupling to almost zero influence [7].

3.1 Capacitive Coupling

Figure 6 shows a simple representation of a capacitive coupling between two
conductors. Cx is the coupling capacitance between conductor 1 and 2, Cy is the
capacitance between conductor 1 and the ground, and Cz is the capacitance between
conductor 2 and the ground. The output voltage at the R is given by:

C

w L
(C.+C)
|
_+. - e —
R(C +C))

J

Vel V = (3.1)

jo

Capacitance Cx can be decreased or increased by proper orientation of the cables

(increasing or decreasing the distance between the cables).



source
cable

victim
cable

(a)

source

victim

+ cable
v Vr
(b)
Cx
SR |
11
QY] +

R gvr o= Cz

(©)

Figure 6: Representation of two cables, (a) physical representation,

(b) capacitive coupling, (¢) equivalent circuit looking from the victim side.

3.1.1 Three Cables (Including Experiment)

The following experiments were performed to test the capacitive coupling for
three cables as shown in figure 7(a, b). The difference between near wire monitoring
(near end) and far wire monitoring (far end) is the reference cable. In near wire the

reference is the bottom cable, while in the far end the reference is the middle cable.
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Figure 7 Experiment: (a) near wire monitoring, (b) far wire monitoring.
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A simple representation can be shown in figure 8 for both near and far cables.

The equivalent circuits for both configurations become those of figure 9(a, b). The
reduced equivalent circuits for both configurations are shown in figure 10(a, b), where C1
is the distributed capacitance between the source cable and far cable, C2 is the distributed
capacitance between the source cable and the near cable, C3 is the distributed capacitance
between far cable and near cable, G1=1/R1 is the shunt resistance between source cable
and far cable, G2 =1/R2 is the shunt resistance between source cable and near cable, G3
=1/R3 is the shunt resistance between the far cable and near cable, and the 12pF parallel

with 2.2 M Q is the input impendence for combination of probe and oscilloscope.

(b)

Figure 8: Phisical representation, (a) near cable, (b) far cable.
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1

Cc2

1
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—
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o
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F Vn +
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1t
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N
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I|,

E [e]
II
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Vn -
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FREQ = Varies

= (b)

Figure 9: Eequivalent circuit, (a) near cable (b) far cable.
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AAA L aan_d135.6832
11 + Vn
— | $

A cz 055
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FREQ = Varies : I_'

:0 YVYy
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'DDIIH
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24p
G1 ‘ lH
_,\N\’_JBE.SBBQ

_+Vn—
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0 Ga _—
4]

(b)

Figure 10: Reduced equivalent circuit, (a) near cable (b) far cable.

The voltage V, at both end of the near configuration circuit is:

Vo= 4, +1et, v, (3.3)

+jw24p+2(G,+jwC,)

1
135.6823
This can be reduced to:

jw?24p

—_—
G, +joC, = 13308 (3.4)

13



The voltage V, at both end of the far configuration circuit is:

v = 1G1+JCUC] v (3.5)
G, + Gy + ——+jo(4p+C,+C
2 '35 6823 jo(24p+C; )

This can be reduced to:

Gy + +jo(4p+Cy)
G, +jwC, = 135,682 (3.6)
S0 1
V

3.2 Inductive Coupling

The mutual inductance or external inductance M is produced when current /

flows in one circuit and produces a flux @, in the second circuit:

M=Pe (3.7)
I
The induced voltage V, can be derived using Faraday’s law and reduced to be [8],
V, = jwBAcosO = jo M I (3.8)

where B is the flux density, and A is the area of the closed loop with respect to ground.

The circuit equivalent of inductive coupling is shown in figure 11(a, b).

source
cable

R2

(a)

14



R1 R2

(b)

Figure 11: Inductive coupling, (a) physical representation, (b) equivalent circuit.

3.2.1 Three Cables

The block diagram for three cables under inductive coupling is shown in figure

12. From section 3.1.1, in order to test inductive coupling, the experiment needs to be

changed. We need to connect a small resistance at the end of the source cable. This can

be illustrated in figure 13 and figure 14.

A
IS alats ey
\ \"k
Y !
\3 M1
5 /"
a1 ; /.' B
AT | AV
N,
\ J
12 /
/
/}lJ //
g / C
e B Y

Figure 12: Inductive coupling between three cables.
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Again, the difference between near wire monitoring (near end) and far wire
monitoring (far end) is the reference cable. In near wire, the reference is the bottom
cable, while in the far end; the reference is the middle cable. In near wire, we are
interested in measuring the induced voltage at the middle victim cable. On the other
hand, in the far cable, we are interested in measuring the induced voltage at the far victim

cable as shown in figure 8 [5].

_ | FREQ = Varies

"
VAMPL = 10

= Vs=j * w *M1S*I1

|

1357 T 12P1 g 2.2m1

o‘J‘

V2=j * w *M12%I1

Ve=j * w *MS2*IS

1 (a)

° Y X

+ Vy - + Vx -
2.2M 135.7
vn 12p 12p
*—
-0 ) 2.2M ==
0

Figure 13: Inductive coupling between three wires, (a) the setup of far cable, (b) equivalent circuit.
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The simplified equations for the above configuration are:

_Jo(M, R + joM (M, —M\))ﬁ
! Rs + joM R,

(3.9)

X is the total impedance at the right while y is the total impendence at the left as shown

in figure 13.

X =135.69//12p = L5509 (3.10)
jo-12p-135.69 +1
jo-12p-22M +1
The voltages across X and Y are:
V. (volta eonload)—LV (3.12)
X g : X 4 Y n *
V,(voltage onopenend) = V (3.13)

+Y
The set up for near cable is shown in figure 14. Again, the simplified equations

for the near cable are,
V _ja)Ms (Rs +].C() (Ms _Mtz))ﬁ
! Rs+ joM R,

(3.14)

again, X is the total impedance at the right while y is the total impendence at the left as

shown in figure 14(equations 3.12, and 3.13),

X
V_(voltage onload) =———V 3.15
. (voltag ) AL 3.15)
V. (voltage on openend) r vV (3.16)
) = 3.
# & 4 X+Yv "

R_ is the internal resistance for the wire which can be found through the calculation of

the capacitive coupling or through measuring the R, (equations 2.2 and 2.4).
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V1
VAIPL =10
FREQ = Vanes

o'\“—@—”

Ve=) * w *MS2*IS

'S

V2=9 * w *M12*I1

Vs=§ * w *MIS*I1

+ Vy - + Vx -
2.2M 135.7
= b
i
Vn 12P 12P

|
T

(b)

o

2.2M

Figure 14: Inductive coupling between three wires, (a) the setup of near cable, (b) equivalent circuit.
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CHAPTER FOUR

PER UNIT LENGTH PARAMETERS

The analysis of multi-data communication lines is somehow more difficult than
the analysis of two transmission lines; however matrices provide an extension for many
aspects from simple transmission-lines to multi-data communication lines [10].

To be able to predict the signal at the victim circuit, we need to go over the
following three steps:

» The per unit length parameters should be determined.

> The equations for multi-transmission lines have to be solved.

> The terminal constraints that describe the edges at both side of multi-transmission
lines should be substituted in the main equations to determine the unknown
coefficients

Figure 15 shows examples of multi-transmission lines (MTL); normally these
wires are surrounded by circular cylindrical dielectric insulations and assumed to be
parallel to each other. The field structures surrounding the transmission line are assumed

to be transverse electromagnetic (TEM).

0
{ e |
i —
\/l} v ) ]
¥ )5 Shield (1)
{1 )1
¥ )0

Figure 15: Examples of multi-transmission lines.
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The MTL equations can be determined from per unit length parameters using
circuit analysis as shown in figure 16:

—V(z,t)+V (z+ Az,t) = —r,Az] (z,t) —r,Az X} _ I, (2,1)

[ (z,t ol z
—ZHAZL 12, )—Z,zAz—alz(Z’[) ~A —Z,.,Az—'(z’t) -li”Az——a]"( ") (4.1)
ot ot ot ot
I.(z+Az,0)—1,(z,t) =—g, Az(V, — V) —-A g,.JAz(V, — Vj.) -
A — gy AoV, V) —cyte SV V)= —e,02 2V~ A
ot ot
—CMAZE(V/. - Vn) (4'7)
ot
I AZ
LeD ¢ 1, G2+ 82,0)
» , AM AN ’-—0
l
, ! I;hZ
Ij(z.t) 0o IJ,-(z-LAz.t)
._’.__‘W\—j\ VA 4 +>__.
+
V@0 / § il v (e+l2,0)
IgAZQ 1Az gBAZ cy-AZ T ‘
.AM(\ L ’_.I](Z"'Az,f)
+
| § L 1 ‘ V. (z+12,0)
| 842 e AZ T g A2 %AZI
——W - . -—
pRACY) PIEACTIED
;‘1 k=l

Figure 16: The per unit length parameters.

Dividing both sides of equations (4.1) and (4.2) by Az and taking the limit
Az =0

—a—V(z,t) =—RI(z,0)- Lii(z,t) (4.3)
0z 1574

ﬁi(z,z) =-GV(z,1)— cﬁi(z,r) (4.4)
0z Oz
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where:

(Vi (z.0)]
M
V(z,0)=| V. (z,1)
M
V,(z.0)]
lrll(z’t)_
M
1(z,1)=| I,(2,1)
M
_[n(z,l')_
L, A A,
7= M A A M
"IMO O M
_an O O lnn
(r,+ro) 'o ra
7 = M  (rn,+r) O v
o O O M
v, r, K (r,+r)
Zglk g A -8,
k=1
G =| & Zgzk A —-g,
k=1
M O 0] M
—8n —8n A Zgnk
L k=1 i
) N
chk -c, A Cin
k=1
€ =| % Zcu A Cop
k=1
M O O M
- cnl - cn2 A Z cnk
! =

(4.5a)

(4.5b)

(4.6)

(4.7)

(4.8)

(4.9)
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If Multi- transmission lines are in a homogeneous medium characterized by
permeability 4, permittivity £ , and conductivity o, the per unit length parameters are
related by [12]:

eul =LC =

o (4.10)
where: 1 is the identity matrix

The per unit length parameters are symmetric and positive definite matrixes.
Doing some equation reductions and designating the capacitance matrix surrounded by

free space, permeability 4, , permittivity &, as C ., the inductance matrix L is obtained

from C, as: [13]

e 4, € =L 4.11)

7]

We explain three methods for determining the per unit length parameters.

4.1 Method 1: Matrix Definition

The inductance matrix is defined by,

Y=L1I (4.12)
where L matrix was defined in equation (4.6), / matrix in equation (4.5), and ¥ isa
n x I matrix containing the total magnetic flux per unit length, ¥, penetrating the i-th

circuit which is defined between the i-th line and the reference line [12]:

\Pl
M
Y=Y, (4.13)
M
This leads to the following relations:
LIJ’_
], =—L (4.14a)
Ii I1=A =l 1=l 4=\ =1,=0
A
i I, (4.14b)

N=A =1 =1 j1=A =1, =0
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We calculate the entries in L matrix by placing a current on one line, setting the
currents on all other lines to zero, and determine the magnetic flux penetrating the other
circuits.

Now, the capacitance matrix is defined by

0=CV (4.15)
where C matrix was defined in equation (4.9), ¥ matrix in equation (4.5), andQ isa

n x 1 matrix containing the total charge per unit length on the i-th conductor as g, [12],

q,
M
Q=g (4.16)
M
L9,
To obtain the entries on matrix C , we need to have it in the following form:
V=P0O (4.17a)
C=P" (4.17b)
This leads us to the following relations:
E=£ (4.18a)
9 q1=A =¢;_1=9j+]1=A =4 =0
= K 4.18b
5l (4.18)
j

g1=A =¢ j_1=¢ j41=A =4, =0
We calculate the entries in P matrix by placing a charge g, on one line, setting

the charges on all other lines to zero, and determine the resulting voltage with respect to
the reference line. Once the P matrix is obtained, C matrix is found using equation
(4.17).

The conductance matrix is defined by,

[, =GV (4.19)
where /_ is a nx 1 matrix containing the total transverse conduction current passing
between conductors per unit length, to all the line voltages producing it, G matrix was

defined in equation (4.8), and ¥ matrix in (4.5).
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I.=|1, (4.20)

This leads us to the following relations:
g, == (4.21)
S In=A =V 1=V j1=A =V,,=0
again, if the medium is homogeneous ino , &, and x, we obtain the L,C,and G

matrices by using one of the following equations as:

s E (4.22a)
L=guC™ (4.22b)
— — _ O“ —

G=gul = ;C (4.22¢)

4.2 Method 2: Wide Separation Approximations

Before we go further through this method, we need to discuss two concepts:
magnetic flux per unit length, and voltage across two points. If we assume a current I is

uniformly distributed over its area (circular cross section), the transverse magnetic field

intensity 5 can be found using ampere’s law and Biot-Savart law at distance r as:

4 Edl=1 (4.23a)
¢= 271” (4.23b)

Therefore the magnetic field is directly proportional to the current and inverse
proportional to distance. Now, we need to find the magnetic flux from current through

surface s as shown in figure 17 [15],

—“» 4

Figure 17: Magnetic flux per unit length of a wire.
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b

I
W= Az j/’_ o (4.24a)

2 27
¢ = sg 200 £ 3 (4.24b)
27 a
The magnetic flux per unit length is:
Y ooul b
—="—1nl — 4.24c
Az 2r& ( a ) ( )

Next, voltage across two points is explained. Assume a line which is carrying a
per unit length charge distribution of q is uniformly distributed as shown in figure 18, the

electric field at distance r is obtained by using Gauss’s law as:

c{gE.ds =0 (4.25a)
E=-1 (4.25b)
2ner

The voltage between two points (a, b) as shown in figure 18.b.

14

ba

b
= - [~Ldr=—Ln(a/b) (4.26)
2mer 2ne

a

E E FI b
+
_I_

.f‘\ "
+ £+ j 3
J ++4 b ”

)
K

Figure 18: Charge distribution, (a) unit length distribution,

(b)

(b) voltage between two points.
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Let us consider the case for two wires of radius 7.7, as shown in figure 19,

N

e

Figure 19: Two wires with s as separation.

The total flux per unit length between the two wires can be obtained with reference to

equation 4.24 as:

- ﬂ_fl,{(_s_ —n)s—r) rl)} (4.27)
2z nh
Substituting equation (4.12) in (4.27) gives the inductance / as:
= iln[ g } (4.28)
2w | K

The same procedure is used to find C. The voltage between the two lines can be

obtained using equation (4.26):

2
V= iln[s—} (4.29)
2rne | nyn
Substituting equation (4.15) in (4.29) results:
. (4.30)

2
ln{ 2 }
n»h

It has been assumed in Equations 4.30 and 4.28 that the lines are widely separated.
Finally, let us consider the case of (n+1) wires with the same radius in a
homogeneous medium as shown in figure 20. With reference to equations 4.28 and 4.30,

the entries in inductance matrix can be found as follows:
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N
¥ (4.31a)
T n=A=Ijy=lj41=A =1y=0
.2 ?
l,‘,‘ :ﬁvln S— :—‘u—[ﬂ d’_(; =E—ln &‘ (431b)
2r | nn| 27 [ 1 d ’
k7
. ¥ (4.32a)
J

h=A =IJ_]:IJ'+1»—.\ =1,=0

2 d.d,
Lo=En| 2 |= Ljp| et (4.32b)
Y o2r |\ mr | 2n d;r

Once the L matrix has been found, the remaining matrices are found using one of

the following equations [14],

C=euL™ (4.33a)

G=oul '==C (4.33b)

i ]
e .
& &Y

0
dio djo

Figure 20: Three wires configuration.
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4.3 Method 3: Numerical Methods

Numerical methods are needed since we can not derive an exact expression for
more than two lines or wires with dielectric insulations. One of the important methods is
Method of Moments (MOM) [9].

MOM depends on breaking each element into smaller areas, and assumes the
distribution of a unit over these sub areas but with unknown amplitudes as shown in
figure 26. In our situation the charge distribution will be non-uniform over the wire (in
cases of near wires separation), so to model this we break each wire in to small area As
and assume the distribution over these sub areas with unknown magnitudes, the charge
over each sub area is ¢, , and the total charge on each wire is :

N

0=> a,As (4.34)

1 1
J=l

where N is the number of sub areas.
The main idea with this method is to determine the total voltage of each sub area

as the sum of the contributions from the charges on each sub area.

P A ey NS | S A —

L T TR —

______________________________________________

Figure 21: Method of Moments.
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The total voltages on each sub areas are:
- Zd s
V=Ko +..E 6,y

It has been shown that [13]:

K = Vj’ _ AS’I
"o, 4meR,

K, =2 1n1+42)=.881427
e e

"]
2V

(4.35)

(4.36)

(4.36)

(4.37)

where R; is the distance between the sub areas bearing the unknown charge and each sub

area is Awx Aw. Using equation 4.37, the MOM matrix is:

_— o [+V]
K, A Ky ( a, M
M O M M

+V

K, O K(.\')(:N) Ay | = v
M O M M| |

K A K o M

| K emem %] | _y

[ 1

-1

(4.38)

Once the above matrix solved for ¢, , the total charge is determined from (4.34)

and the total capacitance is determined from (4.37). The inductance and conductance

matrices are determined from the capacitance matrix. In the following two chapters

(5, 6), this method will be explained by an example.
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CHAPTER FIVE

MATHEMATICAL MODEL

In order to say that a design has been considered as a model, the theoretical
predictions should meet quite enough the practical or experimental measurements — under
specific circumstances, variables, and assumptions [14].

Before we go further in this chapter, we need to distinguish between antenna
coupling and cabling interference; actually they are under the same concepts and main
equations, but cabling coupling refers to the unintended electromagnetic coupling
between wires that are in close proximity. In other words, it’s under near field coupling
[3]. In this chapter we present a model that will predict the interference with adjacent
cables. The objective here is to predict the interferences on both sides of an adjacent

circuit.

5.1 General n Wires Equations:

The multi-conductor equations have been derived in the previous chapter

(equations 4.3 and 4.4) as:

i?(z,t)=—1—37(z,t)—f2}(z,t) (5.1)
oz Oz

é = —— —~ 0 =

—I(z,t)=-GV(z,t) - C —V (z,1) (5.2)
oz 0z
Since we are dealing with sinusoidal sources, the frequency responses in phasor

forms are:

0 5 2 8
—V(2)=-Z1(z) (5.3)
0z

d » 5 %

—I(z)=-YV(2) (5.4)
0z
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where:

/ =R+ jwl (5.5a)
Y=G + joC (5.5b)
V,=V(2)24,2) (5.6)
I, =1(2)2¢(2) (5.7)
Equations 5.3 and 5.4 are combined and written as:
%)‘((z) =A4X(2) (5.8)
where
X(z)= F(Z)} (5.9)
1(2)
~ |0 -Z
A:[_? . } (5.10)

The main challenge in this chapter is to solve equation (5.9), and incorporate the
terminal equations as a solution of the three steps that have been mentioned in the

beginning of chapter three.
Consider n coupled, ordinary differential equation in state variable form as [13]:

%X(t) = AX(1)+ BU(t) (5.11)

where:

[ x,(0) ]
M
X()=|x,() (5.12a)
M
| x,(0)]

[y (1) |
M
U@t =| u,(t) (5.12b)

M
EXG)
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_all A a,

A=l M O M (5.13a)
la, A a,
‘b, A B,

B={M O M (5.13b)
b, A b,

It has been shown that the solution of state variable in (5.11) is written as:

X (1) = O(t ~ 10) X (10) + [t~ 7)BU(r)d (5.14)
where: D(r) = e =ln+%A, +%A2 +A (5.15)

Since equation (5.8) is similar to state variable equation (5.11) with U (t) =0, the general

solution of (5.8) is:

l:lf(zz)jl:[q:)n(zz -2z) (?12(22 _Zl)}{?(zy)J (5.16)
I(z,) D, (z,-2) Dy(z,—2z) | I(z)
Substituting z, =A and z, =0 in the previous equation gives:
[r{m} _ F”@ <§>,Z<X>}[VA<0)} (5.17)
I(A) D, D,,(W ] 1(0)

The next four sub-sections describe four methods to obtain the ®(A) matrix.

5.1.1 Method 1: Definition

The simple way to obtain ®(A) matrix is by using (5.15) as:

3 kz vals X‘ 52

CD],(k):anrEZ} +$[ZY] +A (5.18)
3 S

CDIZ(X):—%Z—%[ZY]Z—%[ZY]ZZH\ (5.19)
3 5

cpﬂ(x):—%Y—%[YZ]Y—%[YZ]WM (5.20)

R )\’2 n ?\4 n s

@22(1):1n+§YZ+$[YZ] +A (5.21)
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5.1.2 Method 2: Similarity Transformation

The similarity transformation of currents and voltages are written as:

V(z2)=T,V,(2) (5.22)
I(z)=T,1,,(2) (5.23)

Substituting these into equation (5.8) gives:

o o -i2ETy _
7 ,\A/ — 5 315 @ v 7 AM ()24)
oe|i, | |-17P%, o i,

where the main purpose of similarity transformation is to diagonalize the impedance

matrix and admittance matrix, so equation (5.17) is much easier to solve since:

—% 0 0
~-7,'ZT, =l 0 O 0 (5.25)
|0 0 -3
-» 0 0
~77'YT,=| 0 O 0 (5.26)
00 -,
The general solution (5.24) is:
1,(2) =€ "I} -1}, (5.27)
V (2)=e"Vy; — eV, (5.28)
where:
) Ly,
I,=| M (5.29)
~t
M2
At
- V;\r{l
w=| M (5.30)
VA/;2
T =1;'=T" (5.31)
¥ =T7'YZT (5.32)


http:eiZV-(5.28

The characteristic impedance matrix Z, equation becomes as:

Z, =Y'Tyr (5.33a)

Y. =7 (5.33b)
Using the previous results, the actual voltages and currents are written as:

i(z)=Tle "I}, —e"1;,) (5.34)

P(2) =T ey - eV )= 2.F(e T}, o717, (5.35)

Evaluating equations 5.34 and 5.35 at z=0 z =A, and eliminating IA\i, give the @ matrix

as;
b, (%) =%};"1f(eﬂ re?! )7 (5.35)
T L2 s 4 71N
NOREIA NGO (5.36)
. Lin o oroma\o
cbz,(x):E(T(ef —e )Y, (537)
b, :%f"(e;/ re ! i (538)

5.1.3 Method 3: Hyperbolic Function

By defining the matrix exponentials and using equation 5.15 as:

5

MZh g +% 2Y +%[ ZVP +A (5.39)

We define the matrix hyperbolic functions as:

cosh(e(v’z)’"):%(e(\ Z h +e—(ﬁz ')x)z

RN ARR AN IRY AT
_1,,+§[ ZY) o VZPY A 5T(e re ! (5.40)
smh(e(‘m )}")__;_( (\ﬁ))‘ ‘(VW )))
3
:11:[ ZYJ +7“—[ ZYT +A =%T(ef’—e"”)r“ (5.41)
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In terms of these symbolic definitions, the @ matrix is written as;

&, () = cosh(¥ 27 %) (5.42)
b, =2, sinh(\¥Z ) (5.43)
&, (W) = —2' sinh(VZF %) (5.44)
&, () = cosh(V/9Z %) (5.45)

5.1.4 Method 4: Ideal Case

In this section, three assumptions are made, in order to simplify calculations in the
previous three sub sections as follows:
1- Perfect conductor: for this case R =0 , the product of impedance and admittance
matrices is
Y2 = joGL - 0*¢L (5.46)

2- Homogeneous surrounding medium: which satisfies the following property

CL=LC=ud,
. (5.47)
GL=LG = udl,
3- Lossless surrounding medium: which means o =0 which implies that the
propagation constant ¥ becomes;
Y = Jw Ue (5.48)
1
where: v = (5.49a)
Jue
P = ue (5.49b)
The ® parameter matrix becomes for the previous assumptions:
®,, (1) = cos(BWL, (5.50)
b, () =-/sin(BY Z, (5.51)
d, (W =—jsin(BHZ,’ (5.52)
®,,() =cos(BH)], (5.53)
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5.2 The Terminal Constraints

The purpose of this section is to incorporate the terminal conditions into the main
equations to explicitly determine the terminal voltages and currents and complete the last
step. The constraint equations are provided by the terminal conditions at z=0 and at
z=A. The deriving sources and load impedances are contained in these terminal
networks that are attached to the two ends of the lines. Figure 22 shows the terminal

networksat z=0 and at z=2A.

1,00y 1,)

Terminal | i | Terminal
| oa A - !
Network ' 1;(0) f'(()) I [,z(L) ' ] Network
R 2778 e e
atz=20 ! IO s E atz=1L
1,0 s I (D

Figure 22: Terminal Networks.

The relationship is a linear combination of the port voltages and currents as [11]:

V)=V, —Z1(0) (5.54a)
viy=V, -Z,1(N (5.54b)

The nx1 vectors V, and V, contain the effects of the independent voltages and current

A

sources at z=0 and at z = A, respectively. The nx n matrices Z, and Z, contain the

§

effects of impedances at z=0 and at z = A, respectively.

2

V.=| M (5.55a)
I;’.W‘I
Vi

V,=| M (5.55b)
vV
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L0 0
Z, = 0O 0 (5.56a)

0 Z,

Z, 0 0
Z,=l0 O 0 (5.56b)

0 0 7,

A method for incorporating the terminal conditions is to substitute the terminal

equations in (5.54) into the @ parameter matrix (5.17) to yield:

((i)u —ci)llis' _2L(i)22 +ZAL(i)212A.x )i(0)=I}L —((bn —ZL(i)Zl)I}S (5-57)
[0)=d,V, + (D, -, Z)I(0) (5.58)

Equation 5.57 and 5.58 are a set of n algebraic equations which are solved for the

n terminal currents at z=0, I (0). Once these are solved, the n terminal currents are

obtained from (5.58) at z=2, I(%). The n terminal voltages ¥(0) and V() are

obtained from the terminal equations in (5.54).
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CHAPTER SIX

THREE RIP CORD CABLES

In this chapter we deal with three Rip Cord cables as a special case from the
previous chapter with the following assumptions:
» The wires are symmetric and parallel.
» The wires and the surrounding medium are lossless.
» The medium is homogeneous.
» The source signals are sinusoids.

Rip Cord cables are a parallel cord of wires situated under PVC (Polyvinyl
chloride) insulation [14]. The cross section area of Rip Cord was measured using a
microscope; figure 23 shows the cross section of a Rip Cord of one and two cables. The
dimensions were recorded in order to get wire radius, center to center separation, and

dielectric thickness. The radius of the Rip Cord is around 18.11 mils. The insulation

thickness of the Rip Cord is around 18.11 mils. The center to center distance is around

97.26 mils.

(a) (b)

Figure 23: Cross section of Rip Cord wires, (a) one wire, (b) two wires.
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The purpose of this chapter is to drive the mathematical model of three Rip Cords
and to test if the model will predict the measurements or not. Figure 24 and figure 25
show three Rib Cords in a lossless homogenous medium characterized by permittivity £

and permeability 2.

_ . &
,
Yy |
llnAZ / 0 c’"AZ —
L 2V
4
[, AZ cRAZ | c;AZ]
: |
Z! ' Z+AZ

Figure 24: Parameters per unit length of three Rip Cords.

Generator Wire

Receptor Wire

m | ZFE

Z=0 Z=>

Figure 25: Three Rip Cords connection inside a circuit.

Since R and G matrices are equal to zero, The Multi-conductor equations become:

e V(z)=—L L I(2) (6.1)
0z 0z

3 - _. 0 4

= I(z)=—C = V(z) (6.2)
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where: I}(Z)Z[I{G (2)}
Ve(2)

1(2)—-{{6(2)}
1,(2)

7= 1 le|
M lR

o (e tc,,  —cCy }
| —cy Crtey

(6.3a)

(6.3a)

(6.4a)

(6.4b)

Because of the assumption of homogeneous surrounding medium, the following property

is applied:
LC=CL=¢ul,=—1,
The terminal conditions are written as:
V(0)=V, - Z.1(0)

V=21

where: I} .= Ve
0

The @ matrix becomes:

| _[ @, .00 V(0
Iv] [, @M ] 10
where: @, (W) =cos(BN)I, =Cel,

&, () =—jsin(BNZ, =—jwASL
®, () =—jsin(BHZ," = —jorSC

®,,(N) = cos(BMI, = Ccl,

(6.5)

(6.6a)

(6.6b)

(6.7)

(6.8a)

(6.8b)

(6.9)

(6.10)
(6.11)
(6.12)

(6.13)
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Cc = cos(fr) (6.14)

S =cos(BM) /(M) (6.15)
e

U e B

(6.16)

Now, substituting the terminal equation into the ® matrix gives:

(b, +d,2, + 2,0, - 2,8, 2,)1(0)=(d,, - Z,d, )V, 6.17)
b, - 2,6,2, Iy =7, (6.18)
Solving these equations for 2(0) and I < (X, and substituting the results. V,(0) and

I}R (2) become as:

JOASZ ¢ (c.w Z,Zye =y )Vc

Ve = : (6.19)
5 [WASZ .V
Vp(0) = WTUQ xCe(Z,pZ,ep +1,)
' wASZ ..V .
T hduand. L6 27 ]w}‘S(ZFECM[G +Z,1y (CG TCu )) (6.20)
A= (Zs +Z, )(ZNEZFE )C.:z
(ZLZS (cg+ey)+lg):
— NS (2 Z s (e +03y ) + 1)
—(ly e ZsZy Xy — 2 Zyg)
N ijsc{(z’\’” +ZuNZ, Zs(ci + ¢y ) +15) J 621
H(Zs +Z N2y Z (e + i)+ 1)
Equations 6.19 to 6.21 are written simply as:
V(0 = JoSM Vs (6.22)
A
5 SVs . O
Vo (0) = =5 (joM , Ce + (jo) TK S) (6.23)
A=C’+(jw) S’ t.1,P+ joxC.S(z; +7,) (6.24)

41


http:ZFE)(ZI.Zs
http:jwASZNc.vs

where:

_ NAND CAP
My =My + Mg

_ NAIND CAP
M =M + Mg

M IND _ Z.“\‘E Z/\'[ 7\'
NE T
(R,\'I," + RI’/{ )(RS + RL)
N Zgplyrk
M/I:-,\;D _ FE'M

Ry + Rip)(Rg +R,)

MEr ey - BulnZueid
h d (Rye + R )(Rg + R,)

b 1 |

Ky =M :70‘ w6 T My h-x %o
[

K=—M
'GIR

Zeg =UIN1-K?
Zep =0, V1-K?

-
19

Qg; =Zs ! Zc
=2, 1 Zg
Asp = Zyg | Zeg

Qg =2y Zeg

p- [l _K? (A —ay,0)(0 - aLGa.\'I\’):|
I+ aga,6 1+ aga,)

T [H%%j
¢ VI-K*\ a6

o = T (1+aSRa,‘R]
\H—K2 A

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)
(6.34)

(6.35)
(6.36)
(6.37)
(6.38)

(6.39)

(6.40)

(6.41)
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6.1 Experiment Setup

All the experiments were performed inside an electrically shielded enclosure, (i.e.
the NoiseKen tent [17]) in order to reduce the amount of background noise being picked
up by the experiment. Figure 26 is the tent with a PC (outside) used to collect the data
(coupled noise) recorded by the VEE Pro which is an Agilent software and we used it to
control Agilent devices remotely. Figure 27 shows the test setup, featuring the test

fixture, Agilent function generator, Agilent mixed signal oscilloscope, and LeCroy scope.

Figure 26: NoiseKen tent.

Figure 27: Test setup.

The power cables and network connections were wrapped in a shroud of shielding
material, the same as the tents composition and routed outside, connecting to the near by
outlet and PC. Special care was taken in positioning the equipment, to achieve a
minimum of ambient noises picked up and eliminate erroneous measurements. All the

experiments were done with the tent closed, and the measurements were taken using
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VEE Pro as shown in figure 28. The measurements were saved and exported to

MATLAB for manipulating.

[CREATED BY: NICK LOCKARD =
I end RF TEAN
11/20/2006

L.} Tune to the desired frequency end
suplitude by changing the FUNCTION
GENERATOR.

|2.) Click START GENERATOR

'}4.) Under USER OBJECT selacect the
desired file for saving.

Figure 28: VEE Pro.

The Rip Cord length of 1.7 meters was chosen because it is typical in automotive
applications. The test fixture (as shown in figure 27) was built to the length of 2 meters
to easily accommodate the test samples that were 1.7 meter in length. The noise wire is
bent at the ends to avoid the stray noise that may couple into the measurements probes.
The experiment was strictly concerned with noise introduced on the test wire itself.
Figure 29 and figure 30 show the basic measurement setup.

The noise characteristics of each wire were quantified by taking peak to peak
voltage measurements at both ends of the wire. Three channels of the Agilent
oscilloscope were utilized. All channels are set to 1 MQ input impedance and DC

coupling. The probes were set to 2.2M Q parallel with 12 pF. Channel two is connected
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to the noise source for comparison. Channel four is connected to the open end of the test

sample wire. Channel one is connected to the 137.5 Q termination. The probe leads

attached to the oscilloscope are taped down to prevent movement during testing and

insuring that leads are well spaced avoiding cross talk.

10 Vv P-P Bin wave
Varying Fregquency)

Function Generaton
Agilent 33250A

1600 mm , ]
SOEmm { __________________________ Soe el g s dai e Al abT 1 SOfnm
<% = T e e, e L :‘“_'!Q_
! N ~\ ] :
_5,?_![?’%“ 13570h BlaCk T!'Ihite _.,,....,..é.O.A;n.I.IT]
j, e Rip Cord Wires .5 mm"2 H‘*

MSO6054A
CHI CH2 _ CH3

Oscilloscope Agilent

CH4

10073C Agilant \/%/

Ogcilloscope Probes ™

( 2.2M Ohm // 12 pF)
1500 mm length

Figure 29: Physical representation of test setup.
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