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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 U1e 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 perfonnance, 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. 

1~ Circuit n r- ---­- n _ - - iCircuit M h 
- .... : .... .... -= 

1~ Circuit 3 ~ m - - - ' - -­ iC!rcui C h 
11 Circui 2 ~ u_m \ ---I CircuIT B r-i 
11 Circuit 1 ~ __ u - _ \ 1 - ___ ICircuiA h 

Figure 1: Data transmission lines. 
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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 Kirchhoffs 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 1110 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>~ : High frequencies behavior should be taken 

10 in consideration 
(2. 1) 

A<~ : Low frequencies behavior can be applied 
10 

such as Kirchhoffs laws 

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

interest. 
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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 A, and conductivity 0" has a DC resistance of: 

ARDC 2 (2.2) 
Tr r O"cond 

R 
LF - \h\-­/ 

// 
, // • 

~~=v 
HF R L/r • --""tJ\,\~_·_J""'ll'''~V''··'Lr,-

h~ /
(\++ ((--- + ), /~ 

~./ J/"-+ _f 

Figure 2: The skin effect in a wire. 
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The skin depth is: 

5 = _ _1 (2.3) 
Jiff.1o Oi:ond 

Further calculations reveal normalized resistance under high frequency is: 

(2.4) 
R" Roc (;5) " 21.r J:~ 
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 intemal) is derived as [4]: 

L I = Af.1O For low frequency (2.5)
ln tema 87r 

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

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

L . = 2 t5 Lint ernal ,,_A_ ~ ~ (2.6) 
'"tema! 4 fr nr (5 n 

For two parallel conductors carrying uniform current in opposite directions and 

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

external inductance is derived as [1]: 

6 2D 
L external = O. OJ x 10 - "Aln-- (2.7)

d 

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. At low 

frequency V ~ R I, where R is the resistor, 1 is the current through the resistor, and V 

is the voltage across the resistor. On the other hand, V 7; R 1 at high frequency . The 
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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 C 1 is the capacitance that represents a certain charge separation 

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

C1 

LRL 
,-.J-,rv-'r, ~Il" \' r-'~rv""'V"-',_ 

c~· 

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

2.3 Capacitors 

The behavior of a capacitor is dependent on its dielectric; for a parallel plate 

capacitor, designers define capacitance with the assumption that the separation between 

the plates is much smaller than the area as: 

C=&A (2.8) 
d 

where & is the permittivity for the dielectric between the plates, A 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]: 

i = 1 1 0 (2.9)
jo;C = jo;C L -90 

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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Rx 

.--- - V'..'\r-,----, 

RV L 
~___\(\I'\' ---\I--......r-....~-...I

c 

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= j mL = mLL 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. 

L Rx .,(yL-----Vj . 
Cv I 
"I~ 

Figure 5: Equivalent circuit of an inductor (high frequency). 
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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 n ), 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. 1n), 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;r
}w--

Vr I V = (C;r+CJ (3 .1 ) 
. 1
}w+-­

R(C;r +CJ 


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

(increasing or decreasing the distance between the cables). 
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R 

+ 
Vr Rl 

-

v (+1 
-

victim 
ca bl e 

(a) 

caOl e 

(b) 

Cx 

l Cz 

~ 
(c) 

Cz 

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

(b) capacitive coupling, (c) 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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1 nun 

Function Generato~ 
Ag i lent 33250A 

10 v p-p sin wavel + 
Var-ying Fre que ncy -

L-----~~r-~--------_.--~1600 nun 

~; :::um ~ ~ 
i -­ .. ~ \ ~,.(--:J.;- -mm- -- ( \. ----r-- --- --­

50 lnun 
I 

::::: - ::~::~q~-

~~_ .tmrrl 
1135.7 Ohm 

Black White 
Rip Cord viii res .5 rom I, 2 

Oscilloscope Agilent 
l'1S 060 5 4A 

CHI CH2 CH3 CH4 

----­

50 !nun 

10073C Agilent ~-
Oscilloscope P~obe s ~------------------------~ 
( 2 . 2M Ohm II 12 pF) 
1500 mrn length 

< 1 mm 
I: 

(a) 

10 V p-p sin wave 

Function Ge ne r ato 
Agilent 33250A 

+ 
····r --- .... -­ 1600 rran 

Va r-yi ng F r- equencyIL___ _ - --.---­ --r-­ --' 
~ 

~~ J:~:::) - - - .-- --- - ----- -- --- - - ~,- -- - 2" 1 
Black White 

135.7 Ohm 
Rip Cord Wires .5 rom A 2 

Oscilloscope Agilent 
HS06054}1. 

~~ CH2 CH3 CH4 
-----.­ I 

10 073C }\.gilent 
oscilloscope P~obes 
( 2.2M Ohm II 12 pF) 
1500 nun length 

(b) 

50 jmm 
:-: -: -:: -::~:-~:-: -{f~-

50 [mm 

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 1 O(a, b), where C 1 

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, G 1 = lIR 1 is the shunt resistance between source cable 

and far cable, G2 =1IR2 is the shunt resistance between source cable and near cable, G3 

=lIR3 is the shunt resistance between the far cable and near cable, and the 12pF parallel 

with 2.2 M (2 is the input impendence for combination of probe and oscilloscope. 

source 
cable 

ql1~r1t osc!! !oscope !~S060~4A 

(a) 

1 

source 
cable 

+ 

+ 	I A9~ lent 
Oscilloecope 
~S0605'A 

Aq.:.. lent O,cil1o!icope KS06054A. 

(b) 

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

12p -=- 12p 

L-________ 

2.2M 

135.7 
~------------~----------------------~I- Vn + 

C3 

-=-0 

(a) 

o 
-=- o 

12p 12p ­

135.7 

+ Vn ­
C3 

-=-0 (b) 

Figure 9: Eequivalent circuit, (a) near cable (b) far cable. 

12 



24p 

G2 

+ Vn -••___-, 

'"V lv' 1 C2 C3 
_J \/AIvlPL =10 

FRE Q = Varies 

- 0 
G3 

o 

(a) 

24p 

G1 rl­
tv-f 356832 

+ Vn -

VAMPL =10 ~~ 
FREQ =Varies 

.L 
-=- 0 G3 

(b) 

0 

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

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

V = ° 2+ jwC2 V 
nIl 

-­+ j w 24p + 2 ( ° 2 + j w C? ) 
135.6823 -

(3.3) 

This can be reduced to: 

O 2 + j w C2 = 

1 
135.6823 + j w24 p 

V 
_ n -2 

(3.4) 

VI 
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The voltage Vn at both end of the far configuration circuit is : 

VI) ° 
1 

1 + jwCJ V 
J 

(3.5) 

° 2 +° 1 + 
135.6823 

+jw(24p+C3 +C I ) 

This can be reduced to: 

OJ + jwC I = 
O? + 

-
1 

135.6823 
+ jw(24p+C3 ) 

(3.6) 
Vn -1 
VI 

3.2 Inductive Coupling 

The mutual inductance or extemal inductance M is produced when current 1 

flows in one circuit and produces a flux ¢1 2 in the second circuit: 

M=~ (3.7)
1 

The induced voltage Vn can be derived using Faraday's law and reduced to be [8], 

V" = jwBA cos f) = jw M 1 (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 


I 
V i c tim 

R l Ca b le 

R2 ,J +.~ ~
-

Vn =j w M I 

(a) 
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R 

2 

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 fi gure 14. 

,", 

.1.'-\ 
___--1r-_______~r'"l /--'tl l...--' j -....,..-' •..-••r-..L...-_--1,--_ _ _ _ 

'\
" 


E~\ ) ~L--+,_B 
i i 

/ /
7 / c 

-------'--f·"'.r'y··,~·,~~v;rv',~-------------_I_-----

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]. 

o 

o 

~ 
o 

FREO • Varies 

2.2M 

-=-0 

Rl 

o 

M1S 

M12 

vs ; o 
*MI S*II 

LS RS 

~ 
\ 

~"" t 12Pl f 2 .2'.11 

~ '( a 
V2 =j * w *M1 2*Il 

,. 

vc :/

0-<­
vc=j * w *M S2 *IS 

(a) 

y X 
+ vy - + vx -

2.2M 135.7 

12P 12P 

2.2M(b) o 

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: 

jOJ(M]2 R" + jOJM.(M J2 -Ms» II; 
(3.9) v" 

Rs + jOJMs R] 

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

in figure 13 . 

135.69x =135.69 /112p (3.10)
jOJ·12p ·135.69 + 1 

y= 2.2M (3.11 )
jOJ·12p·2.2M +1 

The voltages across X and Yare: 

x
Vx (voltage on load) Vn (3 .12)

X +y 

y 
Vy (voltage on openend) = ~, (3.13)

X+Y 

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

for the near cable are, 

jOJMs (Rs + jOJ (Ms - M J2» II;
Vn (3 .14) 

Rs+ jOJMs R] 

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
Vx (voltage on load) Vn (3.15)

X+y 

Vy (voltage on openend) ~V (3.16) 
X+y 11 

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

the capacitive coupling or through measuring the Rdc(equations 2.2 and 2.4). 
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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 [10J. 

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 detennined. 

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

~ The tenninal constraints that describe the edges at both side of multi-transmission 

lines should be substituted in the main equations to detennine the unknown 

coefficients 

Figure 15 shows examples of multi-transmission lines (MTL); nom1ally 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). 

o 
n 

CC )n 

\J:
t 

* t ' =~)
/ ' 

rr-­~ ) ) )- Shield (1) 

{} ) 1 

n ) 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 + &,t) = -ri&I, (z,t) - 1'0& L~=I Ik (z, t) 


_/ & all (z,t) _/ &aI2 (z,t) -A _1&3J,(z,t) _/ &3Jn(z,t) 
 (4.1) 
'I at ' 2 at " at'n at 

I ,(z+&,t)-I;(z,t) =-gd&(V, -~)-A g ij &(V; -Vj )­

a a 
A -g'n &(V; -V;,)-Ci1 & - (V, -~)-A -C,,&-V,-A 

at at 
a 

-c &-(V -V) 
/11 at ' n 

1 8Z 
In (z ,t) Ill! .~I'\"VV\ 

I 1jJ!oJ.

Ij(Z1~~: ' I'\f\N\ 

V. (z,t) I 
J J 

Y : IiilJZIi (Z':~tVV\I'\ 
+ 

Vi (z, t) 

gij!oJ. 

g ij 8Z 

.... 10M 

L Ik(z,t) 
<=1 

(4.~) 

,.. ; " (2+ Az,t) 

Ij (2+ /JzJ) 

... . 
+ 

Vj (Z +!J.z,t) 
CI' I.!Z 

) ~ I .!1 (2+&,t) 
... 

+ 
VI (Z + t:z, t) 

Cr..8Z g))!oJ. 

.... 
n 

') Ir.(zt&,t)i...J ., 


k=1 


Figure 16: The per unit length parameters. 

Dividing both sides of equations (4.1) and (4.2) by & and taking the limit 

&-70: 

a- - a­
-V(z,t) = -RI(z,t) - L - I(z,t) (4.3) 
az az 

a- - a­
-I(z,t) =-GV(z,t) - C-V(z,t) (4.4) 
az az 
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where: 

V; (z,t) 

M 

V(z,t) =I V, (z, t) I (4.5a) 
M 

v'1 (z,t) 

I) (z,t) 

M 

I (z , t) =I I, (z, t) I (4.5b) 
M 

In (z,t) 

'II A A 'In 
MA A M 

L =1 
MO 0 

(4.6)MI 

'nl 0 0 	 'nn 
(r) 	+ ra> I'

0 
r

0 


M (r2 +ro) 0 ro 

R =1 	 (4.7) 

r 0 M
0 	

0 

K (rn + ro) 1'0 1'0 

n 

Lglk -g12 A -gin 

k=1 

n 

G =1 -g21 	 Lg2k A - g 2n (4.8)
k=l 

M 0 	 0 M 
n 


-gnl - g n2 A Lgnk 

k=1 

n 
-CLClk 12 A -Cln 


k =l 

11 

A ­C=I- C 
21 LC2k C2n (4.9)

k=l 

M 0 0 M 
n 


-Cnl - Cn2 A LCnk 

k=l 
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-- -

If Multi- transmission lines are in a homogeneous medium characterized by 

permeability f.1 , permittivity c , and conductivity (J' , the per unit length parameters are 

related by [12]: 

cf.11 n = LC =C L 
(4.10) 

(J'f.11 11 = LG =GL 

where: In 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 f.1
0

' pemlittivity Co as Co, the inductance matrix L is obtained 

from Co as: [13] 

c o f.1o Co-I = I (4. 11 ) 

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

4.1 Method 1: Matrix Definition 

The inductance matrix is defined by, 

I.f!=LJ (4.12) 

where L matrix was defined in equation (4.6), J matrix in equation (4.5), and I.f! is a 

n x 1 matrix containing the total magnetic flux per unit length, I.f!, penetrating the i-th 

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

I.f!I 

M 

I.f! = I I.f!, (4.13) 

M 

I.f!n 

This leads to the following relations: 

I \f'; (4. 14a) 
/I J . 

, 1/]=/\ = 1;_1 = 1, + 1=1\ =In = O 

I \f', 
lj J (4.14b) 

} 1/] = /\ =1 j _]=1 j +]= /\ =In=O 
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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 detennine the magnetic flux penetrating the other 

circuits. 

Now, the capacitance matrix is defined by 

Q=CV (4.15) 

where C matrix was defined in equation (4.9), V matrix in equation (4.5), and Q is a 

n x 1 matrix containing the total charge per unit length on the i-th conductor as q i [12 J' 

ql 

M 

(4.16)Q =1 qi 
M 

qn 

To obtain the entries on matrix C , we need to have it in the following fonn: 

V =PQ (4.17a) 

C =p-l (4.17b) 

This leads us to the following relations: 

Vi (4.18a)
Ph 

q i 1ql ~II = qi -l =qi+l =11 =qn =0 

Vi (4.18b) 

P i} -q _q +1=1\ =Q I1=Oj I Ql=1I =q j -l - ) 

We calculate the entries in P matrix by placing a charge q, on one line, setting 

the charges on all other lines to zero, and detennine 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, 

I x = GV (4.19) 

where I x is a n x 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 V matrix in (4.5). 
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I XI 
M 

(4.20)Ix =1 I Xi 
M 

I xn 

This leads us to the following relations: 

IXi (4.21) 
gu -v' _ . =/\ =V,,=o

j IVI=!\ =Vj_I - Vj+1 

again, if the medium is homogeneous in 0" , £ , and j.1, we obtain the L , C , and G 

matrices by using one of the following equations as: 

(4.22a)C = £j.1 I - I 

I = £j.1 C -I (4.22b) 

- - I 0" ­
G =0"j.1 L - =-c (4.22c)

£ 

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. Ifwe assume a current I is 

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

intensity C; can be found using ampere's law and Biot-Savart law at distance r as: 

{{dl = I (4.23a) 

I 
(4.23b)~ = 27r r 

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], 

I 10 
~ b • 

Figure 17: Magnetic flux per unit length of a wire. 
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b I 
qJ = ~ fJL	-dr (4 .24a) 

2nr a 

JLI (b )qJ=~-ln - (4.24b) 
27r a 

The magnetic flux per unit length is: 

~ = JLI In( £ ) (4.24c) 
~ 2 7r 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 : 

{&E.ds = Q 	 (4 .25a) 

E = q (4.25b) 
2 7r& r 

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

b

f 
q q 

= - --dr = -In(a I b) 	 (4.26)Vba 

a 27rE:r 27r& 


E1 	 E1 E1 h 
+ 

i\ \ Vb' 
() + +C/m+ + ) 

b~ a 

E1 	 E1 E1 I 

(a) 	 (b) 

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

(b) voltage between two points. 
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Let us consider the case fo r two wires of radius r" as shown in figure 19 r2 

1< >1G C3
s 

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: 

\f1 = f.l I 1n[ (s - r2 )(s- '1 ) ] 
27r r r 2 ] 

(4.27) 

Substituting equation (4.12) in (4.27) gives the inductance I as: 

I :=Lln[~]
27r r2r] 

( 4.28) 

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

obtained using equation (4.26): 

q S2] V:= - ln - (4.29) 
[27r& r2r] 

Substituting equation (4.15) in (4.29) results: 

27r& 
(4.30)c=-[
S2]

In ­
r2r] 

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 fo llows: 
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I _ \f'i (4.31a) /I ~ 

J I 
, '1 =1\ " II- I=1i+I=.II =' 11=0 

( i =~ In[£ ] = E... l n[di<~2 l =~ In[d io l (4.31b)
2:rr r2r l 2:rr r :rr r J 

I = \f', (4.32a) 
Ij J 


) 1/1 =/\ =1 j_I=Ij+I=A " '11,,0 


I =E...ln[_S_2] =L ln[d~d ] (4.3 2b) 
Ij 2:rr 2:rr dij rr2r l 

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

the following equations [14], 

C = &JL I-I (4.33a) 

- - I CY­
G = CYJL L - = - C (4.33b) 

& 

or we find C matrix using (4.30), and after that we can determine G and L matrices. 

dII ·· ;..
E 

J 

(/i) A--­

...--~ l'iV 
o 

(fi) 


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-unifom1 over the wire (in 

cases of near wires separation), so to model this we break each wire in to small area 6.s 

and assume the distribution over these sub areas with unknown magnitudes, the charge 

over each sub area is a ; , and the total charge on each wire is : 

N 

Q == :L a ;6s; (4 .34) 
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. 

'" 


y 

------------.-~ --~ -------- ~--------------~ 


x 

Figure 21: Method of Moments. 
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The total voltages on each sub areas are: 

- K J:7 0:, . (4 .35) Vj - j 1a1 + .... "ON 2.\ 

It has been shown that [13]: 

VJ _ _ b.s, 
(4.36) 

K Ji =---;; - 47r&R; 
I 

K;; = L1W In(1 +.fi) =.8814 L1W (4.36) 
7r£ 7r£ 

C=~ (4 .37) 
2V 

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

area is L1W x L1w. Using equation 4.37, the MOM matrix is: 

K 11 A K 1(2N ) 

M 0 M 

KN! 0 K (.\")(2N) 

M 0 M 

K (2,\)1 A K (2N)(2N) 

a] 

M 

aN 

M 

a 2N 

= 


+V 
M 

+V 
-V 

M 
-V 

= 


+1 

M 

+ 11 (4 .38) 
-1 

M 

- 1 

Once the above matrix solved fora ;, 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 fo llowing 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: 

a - -- - a ­
- V(z, t) = - Rf(z,t) - L -f(z,t) (5.1) 
az az 

a- -- - a­
-f(z, t) = -G V(z,t) - C - V(z,t) (5.2) 
az az 

Since we are dealing with sinusoidal sources, the frequency responses in phasor 

forms are: 

a ~ ~ A 

- V(z) = -Z fez) (5 .3) 
az 

a ~ ~A 

-fez) = -YV(z) (5.4) 
az 
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where: 
, - ­

Z =R + jwL (S.Sa) 

Y=G + jcoC (S. Sb) 

V; = V; (z)L¢;Cz) (S .6) 

i; =1;Cz)L¢;(z) (S .7) 

Equations S.3 and S.4 are combined and written as : 

a A , A 

-X(z) = AX(z) (S.8) az 
where 

X(z) = [~(z)] (S.9) 
1(z) 

A=[ 0, - z] (S .l O) 
-y ° 

The main challenge in this chapter is to solve equation (S.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]: 

a
-X(t) = AX(t) + EU(t) (S.11 ) at 

where: 

x1(t) 

M 

X(t)=! x;(t) (S.1 2a) 

M 

xn (t) 

u1(t) 

M 

U(t) = I u;(t) (S .1 2b) 

M 

un(t) 
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la" G" 1A= M A0 (5 .13a) 

ani A a~ 


lb" b~J
B= M A0 (S.13b) 

bnl A bnp 

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

I 

X(t)=<P(t-to)X(to)+ f<p(t-r)BU(r)dr (S.14) 
10 

t t 
where: <p(t) = eAI = I + -.l A + ~ A +A (S.1S) 

n I! I 2! 2 

Since equation (S.8) is similar to state variable equation (S.ll) with U (t) =0, the general 

solution of(S.8) is: 

~(Z2 )] = [~II (Z2 - ZI) ~12 (Z2 - ZJl[~(ZI)] (S .16)[ 1(z2) <P 2I (Z2-ZI) <P 22 (Z2 -ZI) l(zl) 

Substituting Z 2 =A and Zl =0 in the previous equation gives: 

~(A)l = [~II (A) ~1 2 (A)][~(O)l (S .17)[ 1(1..) <P 21 (A) <P 22 (A) 1(0) 

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

5.1.1 Method 1: Definition 

The simple way to obtain cD(A) matrix is by using (S.lS) as: 


1..2 1..4 

A A A A A 

<PII(A) = In +-ZY +_[ZY]2+A (S.18)
2! 4! 

AA A ~ 1..3 
AA AS ~~ 2A 

<P (A) = --Z --[ZY]Z --[ZY] Z +A (S.19) 
12 I! 3! S! 

~ A A 1..3 
A A A 1..5 

A A ? A 

<P (A)=--Y--[IZ]Y--[IZ]-Y+A (S.20) 
21 I! 3! S! 

A 1..2 
A ~ 1..4 

A A ? 

<P J2 (A) = In +-IZ + -[IZ]- + A (S.21) 
- 2! 4! 
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5.1.2 Method 2: Similarity Transformation 

The similarity transformation of currents and voltages are written as : 

V(z) = ~/VM (z) (5.22) 

fez) =TJM (z) (5.23) 

Substituting these into equation (5.8) gives: 

o [~1 ] [ 0 (5.24) 
- i, -Iy iv - i , ~Zf, ][j:]

OZ jM = 

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

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

0 

- f. -It i = l-Z0 I (5.25)V , 0 


0 0 
 -~J 
0l- y,- i/y~/= ~ 0 (5.26) 

0 -u 

The general solution (5.24) is: 

j (z) = e- rz j+ - erz j - (5 .27) M M M 

v (z) - e- rz V+ - eiZ V- (5.28)M - M M 

where: 

f~ 1 
(5.29) j: = 

[ 

~
~+ 
~ 
I 

fM 2 

V~M I 
± I 

(5.30)~v~ = ~~ 
[ 

V:11 2 

i/ =i; 1 =il (5.31) 

y2 = f- lfZi (5.32) 
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The characteristic impedance matrix Zc equation becomes as: 

i c = y-Ifyr-I (5 .33a) 

Y =i-I (5.33b) c c 

Using the previous results , the actual voltages and CUlTents are written as: 

j(z) = f(e- iz j:r -eYz jA~ ) (5.34) 

V(z) = f- I (e -rzV+ - eYzV- )= i f(e- Yz j+ - eYz j - ) (5.35) ~ M M c M M 

A± 

Evaluating equations 5.34 and 5.35 at z = 0 z = 'A, and eliminating 1M give the <D matrix 

as: 

<1>11 ('A) =~ y-If(e it + e-yl ji-I Y (5.35) 

yl )t­<1>1 2('A) =~ i c (f(e it - e- I) (5.36) 

<1>21('A)=~(f(e Y' -e-Y' )f-I)~ (5.37) 

<1> 22 ('A) =If(eY' +e-rlji-I (5.38)
2 

5.1.3 Method 3: Hyperbolic Function 

By defining the matrix exponentials and using equation 5.15 as: 

/ fYZ}' =1 +~~iY + 'A2 [~iy]2 +A (5 .39) 
/1 1! 2! 

We define the matrix hyperbolic functions as: 

cosh(e(/YZP,) = l (e Uyz)A + e-(.ft7)A ) = 
2 

=1 /1 + 'A2 (~iy)2 + 'A4[~iyt +A =If(eY' +e-rl ji-I (5.40)
2! 4! 2 

sinh(e(.ft7)A) = l (e(Pz )A - e-(P2))') = 
2 

=~(~iY) + 'A
3 

[~iYf +A =If(eY' - e-yl'rr-1 (5.4 1 ) 
1! 3! 2 )1 
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In terms of these symbolic definitions, the cD matrix is written as; 

<D]] (Ie) =cosh(~zf Ie) (5.42) 

<D] 2(Ie) = -ZCsinh(HZ Ie) (5 .43) 

<D2](Ie) =-Z;] sinh(~zf Ie) (5.44) 

<D22(1e) = cosh(~YZ Ie) (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 

yz = jwCI - OJ 
2CI (5.46) 

2- Homogeneous surrounding medium: which satisfies the following property 

C L = L C = j.1cln (5.47) 
GL =IG = fA'/lot n 

3- Lossless surrounding medium: which means CT =0 which implies that the 

propagation constant r becomes; 

r = jOJ~ j.1c (5.48) 

1 
where: v = r-:-:: (5.49a) 

"V j.1c 

J3 = OJ~ j.1c (5.49b) 

The cD parameter matrix becomes for the previous assumptions: 

cD ]] (Ie) =cos(J3 Ie)ln (5.50) 

<D]2 (Ie) = - j sin(J3 Ie) Zc (5.51) 

<D 21 (Ie) = - j sin(fJ Ie) Z;I (5.52) 

cD 22 (Ie) = cos(J3 Ie)ln (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 detelmine 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 telminal 

networks that are attached to the two ends of the lines. Figure 22 shows the tenninal 

networks at z = 0 and at z = A. 

"­

TXL) I 
I Iat z = L 

.. 
"'Lik(L) 

Figure 22: Terminal Networks. 

Tenninal 

Network 

at z = 0 

I, (0) 

I 1; (0) 
T,~(O)~ 

I T~(O) 

~ ik (O) 

in (L) 
Tenninal 

T1:(L) ~i(L) ~J N ehYork 

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

V(O) =Vs - ZJ(O) (S.S4a) 


V(A) = -Z)(A) (S.S4b)
VL 

The n x 1 vectors Vs and VL contain the effects of the independent voltages and current 

sources at z = 0 and at z = A, respectively. The n x n matrices Zs and ZL contain the 

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

VSll
V = M (S.SSa) 

s V"'l

AVL = lVMLl j (S.SSb) 

VLn 
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0, l nZ = Z0 " 0 (5.S6a)s 

0, l 
0 0 

L1ZL = Z0 " 0 (5 .56b) 

0 0 

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

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

(&1 2-&ll.2S-.2L &22 +.2L&21.2J](0)=VL-(&11 -.2L&21)VS (5.57) 

] (I\') = &2/S +(&22 -&21.2S)](0) (5.58) 

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

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

obtained from (5.58) at z = A, i(A). The n terminal voltages V(O) and V(A) are 

obtained from the tem1inal 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 Jl . 

~~~~~~----------~---------+--------------------+-

Im!Xz ~ IG6Z Cm~ 

.~~~~ ) 

I H. /:>"Z CH.~ 1 C(j /:>,.2_ 

I _T 
I 

I 


Z! Z+/:>,.Z 

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

f"')~ Vs 
-..- ~ 

Generator Wire 

Zs 

Receptor Wire 

ZNE ZFE ~ 

Reference Wire 

~ZI 

Z=o Z=A 

Figure 25: Three Rip Cords cormection inside a circuit. 

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

a ~ - a ~ 
-V(z) = -L -1(z) (6.1) 
az az 

a ~ - a ~ 
- 1(z) =-c -V(z) (6.2) 
az az 
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where: V(z) =r~e (Z)J (6.3a) 
VR(z) 

i(z) =[~G (Z)l (6.3a) 
l /1 (z) 

I _[Ie 1M] (6.4a) 
1M 11/ 

C = [cG +CM -C ] (6.4b) 
-CM CR+:M 

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

is applied: 

-- 1 1 I C = C L = Cl·d 2 = - 2 2 (6.5) 
V 

The tenninal conditions are written as: 

V(O) = ~< - Z)(O) (6.6a) 

V(A) = Zj(A) (6.6b) 

where: (6.7)Vs f 0' l 

(6.8a)i, ~[~ i:J 
(6 .8b)i, ~[i~ i~J 

The <D matrix becomes: 

~(A)l = [~11 (A) ~1 2 (A)l[~(O)l (6.9)[ l(A) <D21 (A) <D 22 (A) 1(0) 

where: cD ll (A) = cos(jJ A)ln = Cel 2 (6.10) 

cD 12 (A) = - j sin(jJA)Zc = - jOJASI (6.11) 

cD 21 (A) = -jsin(jJ A) Z; I = -jOJASC (6.l2) 

<D 22 (A) =cos(jJ A)ln = Cel 2 (6.l3) 
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Cc = cos(jIA) 


S =cos(jIA) /(jIA) 


l _ ~ 

v = ~-fJ 


(6.16) 

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

(- cD I2 +cD11ZS +ZLcD 22 - Z[. cD 21 ZJi(0)=(cD 11 -ZLcD 21)VS 

(- cDl2+cDlI'Zs+Z;cD22- ZcD 21 Z YeA) =Vss L 

Solving these equations for i R(O) andiR(A) , and substituting the results. 

VII (A) become as: 

VII (A) = j();,)...sZFE (CMZ LZ N£ - 1M)Vs 
~ 

VR(0) = jWAS~NEVS x Cc(ZI'E Z LCM + 1M) 

+ jwASZ Nc.vs x jWAS(ZH,CMiC + Z LIM(cc + C
M 

)) 

~ 

~=(Zs +Zl. XZ NE Z FE )cc
2 

(Z LZ S(CC +cM)+/e;)' J 

_W 

2A2S2 (Z ,V!;,Z FE (C R +cM) + IR» 

[
 

-(lM -CMZ SZ FL )(lM - CMZLZ NE ) 

. ,")C'C ((ZNE +ZFE )(ZI.Zs (Cc +cM)+ic ) J 
+JwruJ c 

+(Zs +ZL)(Z:\/:, Z /J; (C R +cM)+ill ) 

Equations 6.19 to 6.21 are written simply as: 

~? (A) = j cuSMFF Vs 
~ 

A SVs . . 2 
VR(O) =---;;:()wM.\/:, Cc + ()w) TKNES) 

~ =C/ +(jW) 2S 2'rC'r Jl P +jwCcS('rc +'ru) 

(6. 14) 

(6.1 5) 

(6.17) 

(6 .1 8) 

VII(O) and 

(6.19) 

(6.20) 

(6.21) 

(6.22) 

(6.23) 

(6.24) 
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where: 

M = MIND + MCAP 
NE NE NE 

M MIN D MCAP 
FE= FE + FE 

(6 .25) 

(6.26) 

M IND 
Nt · 

_ 
-

Z NE IUA 

(R N1; +RF/; )(RS +RL ) 

(6.27) 

M:~D = ZrT IMA 
(R N1;· + RFE )(RS + RL ) 

(6.28) 

C:tP 
M NE 

-
-

M CAP 
FE 

= 
Zl Z} / Z NECM)~ 

> . R )
(R NE + R 

JJ
; )(RS + L 

(6.29) 

~ 
K NJ: =MSE / 2 

I-K 
a LC 

~P 
+MNE 

1J 1 

I-K­
a LC (6.30) 

1M 
K­ fll 

- -v'GIR 
(6.31) 

Z CC = vlc J1- K2 (6 .32) 

Z CR = vI" JI- K2 (6.33) 

A
T =­

v 
(6.34) 

a SCi =Zs / Z cc (6.35) 

a LC = ZL / ZCC (6.36) 

a SR = Z NE / Z CR (6.37) 

a LR = Z rF / Z CR 

P =[1- K2 (1­ a s( i 
a "R)(1- a LC a\II )] 

(1 + a SC a LC )(1 + a s/? a LR) 

T [1 + a SC a LG J 
7"c = JI- K2 a SCaLC 

- T [I + a s/l a LR J7" R - .JI- K 2 a SR a LR 

(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 expOlted to 

MA TLAB for manipulating. 

<rART (.ENS'!ATOR 

Sr~RI SC OPE 

0 5Cw .... 
,­ ------­

I 

F' ~ I~~cnIJf( '')EI'JE '!'AiOf; ~ 

WR ITE TEXT"RSl" ECiL 

1112.012006 

,1.' 'J"l..m e to the de:s1 t ed tl: equ.eccy end 
....11 tud~ by crumging the nmen 
G!:J<LlU.TOR . 

2' . ) CI1Ck START G!'Ji!'JU.TOR 

3. ) Cl1 c-k START ~CO l'r t.o d.lJrp l ay ~ da.t. 

. ) lJnd.u US!:R OBJECT .e..letll!!c t. til l!: 
autr ed. rUt! t Ot :se:V1.ng'. 

5.) Clict lU"COJUl SCOPE DATA 
vhen teady ~ aeve dau . 

x 

• Doucl.·Cll ck to ~~ Tr'n$.c~on· 

~ I WRITE 3 r--- TEXT ..... ~ W@4"1!h:U!5i:FMb41 
I DEr AULTFORIoIAT :::1 EOL.ON I 

~ HOP l ,t'",011 

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 fi gure 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 M n input impedance and DC 

coupling. The probes were set to 2.2M n parallel with 12 pF. Channel two is cormected 
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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. 

< 1 nun 
10 v p- p si n wavel 

Functi on Gene 
Ag i l e n t 33 250A 

Vacying E' c equency + 
1 600 nun ~----~k'--T'---------'--~ 

-i . . ' s50 ;m, i 

~~l: ~ ~}aCk ~ t e ' 
135.7 Ohm 

Ri p Co r d Wi res . 5 IT1l11""2 

Oscilloscope Agilent 
HS06054A 

1 007 3C Agilent 
Os ci l loscope Probes 
( 2 . 2M Ohm II 12 pF ) 
1500 nun l ength 

CH2 CH3 CH4 

Figure 29: Physical representation of test setup. 

50 [mrn 
...... - I ··· 
··· ··· ·_ -<···l··lmn...... -..... .... j ... . . 

50 [nun 

AgUent Oscilloscope ~!S060;,4A 

+ I Agi len t 
Oscilloscope 
I'.s0605~J\ 

+ 

source 
cabl e 

Vo 

victim 
cable 

Figure 30: Three dimensions of test setup. 

+ 
137.SQnI"'l 
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6.2 Model versus Measurements 

In this section we show some computed and experimental results that demonstrate 

the prediction methods of this chapter. The prediction model is implemented in the 

computer program Tamer.m described in appendix A. 

Three Rip Cords are tested as shown in figure 29 and figure 30. The setup 

consists of three Rip Cords of total length 1.7 m. The radius of the Rip Cord is 18. 11 

mils , the adjacent wire separation is 92.91 mils (i.e. 1 em = 398.3 mils), the insulation 

thickness is 18.11 mils, and the insulation is polyvinyl Chloride (PVC) (&,. =3.4). The 

load impedances are as follows (with reference to figure 25): 2, = open circuit, Z, =0 , 

NE =2.2MD. parallel with 12pF , and ZFE =2.2MD. parallel with 12pF and 135.70.. 

The terminal conditions or constrains are shown in figure 31, where : 

v, = [~] (6.42) 

i-
S -

A[0 0]
0 2 NE 

(6.43) 

i 
L 

= 
[ 

00 

0 
~0; 
2 !'E 

(6.44) 

Generator Wire 

~~ ~Vs 
---~ 

Receptor Wire 

ZNE ZFE 

Reference Wire 

'­"" 

2 = 0 2=A 

Figure 31: Three Rip Cords terminal conditions. 
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Five different configurations of three Rip Cords with nine different experimental 

samples are prepared, tested , and presented in the next sub sections as: 

~ Section 6.2.1 (basic configuration): This is shown in figure 31 with all previous 

discussions. Three samples are tested. 

~ Section 6.2.2 (changing voltage source noise): by changing source voltage in the 

basic configuration to 5 volts peak to peak, instead of 10 volts peak to peak, and 

keeping the rest. One sample is tested. 

~ Section 6.2.3 (changing wires length): by changing the Rip Cords length to 1 

meter in the basic configuration, instead of 1.7 meter. Two samples are tested. 

~ Section 6.2.4 (changing load impedance): by changing the load impedance to 

9.815 k (2 in the basic configuration, instead of 135.7 (2. One sample is tested. 

~ 	 Section 6.2.5 (changing separation between wires): by changing the separation 

between Rip Cords to 1 cm (398.3 mils) in the basic configuration, instead of 

0.24 cm (92 .91 mils). Two samples are tested. 

6.2.1 Basic Configuration 

Figure 25, figure 29, figure 30, and figure 31 illustrate the main set up of the 

experiment. The following are the variables for this setup: 

~ Noise or source amplitude (V ): 10 volts peak to peak. s 

~ Noise or source frequency (UJ =2;if): 100 kHz to 80 MHz. 


~ Rip Cords length (:A,) : 1.7 m. 


~ Separation between Rip Cords (center to Center distance): 92.91 mils ~ .24 cm. 


~ 	 Generator load impedance (Z,J : open or 00. 

~ 	Generator source impedance (Zs) :short or zero. 

~ 	Receptor load impedance(ZFE): 135.7 (2 parallel with 2.2 M(2 and12pF . 

>-	 Receptor source impedance (ZNE ): 2.2 M(2 parallel with 12 pF . 
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The per unit length parameters of this configuration are computed both using 

methods 2 or 3 in chapter 4 and the above variables, the per unit length parameters are: 

Ie = 0.895759 flH / m 

1M = 0.447880 j1H / m 

IR = 0.636302 j1H / In 

=22.6001pF / mcM 

ce = 29.0979 pF / In - =6.4978 pF / IncM 

cR = 45.2002 pF / m - cM =22.6001 pF / m 

The objective is to predict the near-end and far-end voltages V NE (VII (0) ) and 

VFE (VR (A)) across the receptor circuit given the line cross-sectional dimensions, and the 

termination characteristics. 

The experimental results are compared to the predictions of the model using 

Tamer.m over the frequency range of 100 kHz to 80 MHz in figure 32, figure 33, and 

figure 34 for three samples. The first figure of each sample provides both prediction of 

the model of VNE (or Vii (0) ) using equation 6.20, equation 6.23, and the experimental 

results, which is the voltage across the receptor source impedance. The second figure of 

each sample provides both prediction of the model of VFE (or VR (A)) using equation 

6.19, equation 6.22, and the experimental results, which is the voltage across the receptor 

load impedance. 

Under these conditions, measurements are taken for three same samples: 

sample A, sample B, and sample C. The reason why we are dealing with three samples is 

only to make sure that the measurements are correct. Running the source file Tamer.m 

(appendix A) for the three samples A, B, and C are shown in figure 32, figure 33 , and 

figure 34. 
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Figure 32: Basic configuration, sample A. 
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Figure 33: Basic configuration, sample B. 
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Figure 34: Basic configuration, sample C. 
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6.2.2 Changing Voltage Source Noise 

In this section voltage source noise (V, ) is changed in the basic configuration 

(section 6.2.1) to 5 volts peak to peak, instead of 10 volts peak to peak. One sample is 

tested. The following are the variables for this setup: 

~ Noise or source amplitude (Vs ): 5 volts peak to peak. 

~ Noise or source frequency (lU = 2Jif): 100 kHz to 80 MHz. 

~ Rip Cords length (A): 1.7 m. 

~ Separation between Rip Cords (center to Center distance): 92.91 mils~ .24 cm. 

~ Generator load impedance (Z,,.): open or c:IJ . 

~ Generator source impedance (Zs): short or zero. 

~ Receptorloadimpedance(ZFE): 135.7 Q parallel with 2.2MQ and12pF . 

~ Receptor source impedance (ZNE ): 2.2 MQ parallel with 12 pF . 

The per unit length parameters of this configuration are computed and are resulted 

as same as of the basic configuration. 

The objective is to predict the near-end and far-end voltages V NE (VII (0) ) and 

VFE ( VJI (A) ) across the receptor circuit given the line cross-sectional dimensions, and the 

termination characteristics. 

The experimental results are compared to the predictions of the model using 

Tamer.m over the frequency range of 100 kHz to 80 MHz in figure 35. The first figure 

provides both prediction of the model of V NE (or VII (0) ) using equation 6.20, equation 

6.23 , and the experimental results, which is the voltage across the receptor source 

impedance. The second figure provides both prediction of the model of VFE (or VII (A) ) 

using equation 6.19, equation 6.22, and the experimental results, which is the voltage 

across the receptor load impedance. Running the source file Tamer.m (appendix A) is 

shown in figure 35. 
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Figure 35: Changing voltage source noise to 5 volts peak to peak. 
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6.2.3 Changing Wires Length 

In this section Rip Cords length (Ie) is changed in the basic configuration (section 

6.2.1) to 1 meter, instead of 1.7 meter. Two samples are tested. The following are the 

variables for this setup: 

~ Noise or source amplitude (Vs ): 10 volts peak to peak. 

~ Noise or source frequency (cu = 27if): 100 kHz to 80 MHz. 

~ Rip Cords length (Ie): 1.0 m. 

~ Separation between Rip Cords (center to Center distance): 92.91 mils~ .24 cm. 

~ Generator load impedance (ZJ :open or co. 

>- Generator source impedance (Zs): short or zero. 

~ Receptor load impedance (ZFE) : 135.7 Q pm·alle! with 2.2 MQ and12 pF . 

~ Receptor source impedance (Z"J: 2.2 MQ parallel with 12 pF . 

The per unit length parameters of this configuration are computed and are resulted 

as same as of the basic configuration. 

The objective is to predict the near-end and far-end voltages VNE (VR (0) ) and 

VFE (VR (Ie) ) across the receptor circuit given the line cross-sectional dimensions, and the 

termination characteristics. 

The experimental results are compared to the predictions of the model using 

Tamer.m over the frequency range of 100 kHz to 80 MHz in figure 36, and figure 37 for 

two samples. The first figure of each sample provides both prediction of the model of 

VNE (or VR (0) ) using equation 6.20, equation 6.23, and the experimental results, which 

is the voltage across the receptor source impedance. The second figure of each sample 

provides both prediction of the model of VFE (or VR (Ie) ) using equation 6.19, equation 

6.22, and the experimental results, which is the voltage across the receptor load 

impedance. Under these conditions, measurements are taken for two samples: sample A, 

and sample B. The reason why we are dealing with two samples is only to make sure that 

the measurements are correct. Running the source file Tamer.m (appendix A) for the 

two samples A, and B are shown in figure 36, and figure 37. 
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6.2.4 Changing Load Impedance 

In this section load impedance (Z FE ) is changed in the basic configuration 

(section 6.2.1) to 9.851 kQ, instead of 135.7Q. One sample is tested. The following are 

the variables for this setup: 

~ Noise or source amplitude (Vs ): 10 volts peak to peak. 

~ Noise or source frequency (UJ = 2if): 100 kHz to 80 MHz. 

~ RipCords length (Iv): 1.7 m. 

~ Separation between Rip Cords (center to Center distance): 92.91 mils~ .24 cm. 

~ Generator load impedance (Z,J :open or if). 

~ Generator source impedance (Zs): short or zero. 

~ Receptor load impedance (ZnJ: 9.851 kQ parallel with 2.2 MQ and 12 pF . 

~ Receptor source impedance (ZAfJ 2.2 MQ parallel with 12 pF . 

The per unit length parameters of this configuration are computed and are resulted 

as same as of the basic configuration. 

The objective is to predict the near-end and far-end voltages V NE (V/l (0) ) and 

V1-1: (V/l (Iv) ) across the receptor circuit given the line cross-sectional dimensions, and the 

temlination characteristics. 

The experimental results are compared to the predictions of the model using 

Tamer.m over the frequency range of 100 kHz to 80 MHz in figure 38. The first figure 

provides both prediction of the model of V NE (or VR(O)) using equation 6.20, equation 

6.23, and the experimental results, which is the voltage across the receptor source 

impedance. The second figure provides both prediction of the model of V 1E (or V/l (Iv) ) 

using equation 6.19, equation 6.22, and the experimental results, which is the voltage 

across the receptor load impedance. Running the source file Tamer.m (appendix A) is 

shown in figure 38. Experimentally, the function generator does not apply more than 3 

volts peak to peak around 30 and 50 MHz because the circuit sinks more current source 

and these results experimentally around 30 volts at both receptor circuit terminals 

[16][15]. 
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6.2.5 Changing Separation between Wires 

In this section separation between Rip Cords (center to Center distance) is 

changed in the basic configuration (section 6.2.1) to 1 cm (398.3 mils), instead of 0.24 

cm (92.91 mils). Two samples are tested. The following are the variables for this setup: 

~ Noise or source amplitude (Vs ): 10 volts peak to peak. 

~ Noise or source frequency (cu = 2Jif): 100 kHz to 80 MHz. 

~ Rip Cords length (A): 1.7 m. 

~ Separation between Rip Cords (center to Center distance): 1 cm (398.3 mils). 

~ Generator load impedance (ZJ : open or oc>. 

~ Generator source impedance (Zs): short or zero. 

~ Receptorloadimpedance(ZFE): 135.70 parallel with 2.2MO andl2pF. 

~ Receptor source impedance (ZNE ): 2.2 MO parallel with 12 pF . 

The per unit length parameters for this configuration were computed (it is 

different than the previous one) either using methods 2 or 3 in chapter 4 as: 

IG = 1 .51169 j..l H i m 

1M = 0.755846 Jill 1m 

IR = 1.23536 Jill I m 

= 7.83763 pF I mCM 

=12.3955pF l m-cM =4.55787 pF l m cG 


=15.6753pF l m-cM =7.83767 pF l m 
cR 

The inductance and capacitance matrices are given by: 

(\1] = [ 1.51169 Jill I m 0.755846 Jill 1m]I =[10 
1M III 0.755846 Jill I m 1.23536 Jill I 111 

C G + cM -CM ] [12.3955 PFlm -7.83763 PF l m]- =[c 
-cM CR +CM - 7.83763pF l m 15.6753pF l m 
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The objective is to predict the near-end and far-end voltages V NE (VR(0) ) and 

(VR(Ie» across the receptor circuit given the line cross-sectional dimensions, and the VFE 


termination characteristics. 


The experimental results are compared to the predictions of the model using 

Tamer.m over the frequency range of 100 kHz to 80 MHz in figure 39, and figure 40 fo r 

two samples . The first figure of each sample provides both prediction of the model of 

VNE (or VR (0) ) using equation 6.20, equation 6.23, and the experimental results, which 

is the voltage across the receptor source impedance. The second figure of each sample 

provides both prediction of the model of VFE (or VR (Ie) ) using equation 6.19, equation 

6.22, and the experimental results, which is the voltage across the receptor load 

impedance. 

Under these conditions, measurements are taken for two same samples: sample 

A, and sample B. The reason why we are dealing with two samples is only to make sure 

that the measurements are COlTect. Running the source file Tamer.m (appendix A) for 

the two samples A, and B are shown in figure 39, and figure 40. 
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CHAPTER SEVEN 

CONCLUSION 

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. 

A model to predict Electromagnetic Interference in Automotive Data 

Communication Structure was derived. The results and predictions agreed. 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 should be substituted in the main equations to deteml ine 

the unknown coefficients. 

It's important to mention that the model depends on the following assumptions, 

~ The wires are symmetric and parallel, 

~ The wires and the surrounding medium are lossless. 

~ The medium is homogeneous with cr = 3.4. 

~ The source signals are sinusoids. 

The model predicts interference by varying the following parameters: 

~ Frequency up to 80MHz. 

~ Source and/or load voltages . 

~ Source and/or load impedances. 

~ Number of wires. 

~ The circuit length. 

~ Uniform wire separation. 

~ Dielectric material. 

~ Insulation thickness. 

~ Wire radius . 

~ The reference wire. 
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The results presented in this thesis indicate that the fu rther steps can be done by 

increasing the frequency up to 1 GHz, including the resistance and conductance matrices, 

testing the wires under non-homogenous medium, and measuring the per unit length 

parameters for cross wires. 

(} -~ 11 

() )2 

{} )1 

{"'I ) 0 

(a) 

o 
11 

Shield (1) 

(b) 

Figure 41: Multi-transmission lines examples, (a) n wires 

above a ground plane, (b) untwisted shielded pair. 

Figure 41 illustrates examples of multi-transmission lines (MTL) that can be 

tested and modeled in the future. Future work can be done by applying typical 

applications as circuits ofn wires, n wires above a ground plane, UTP (unshielded 

twisted pair), STP (shielded twisted pair), and coaxial cables. 
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APPENDIX A 

MATLAB SOURCE CODE 

This appendix describes a MA TLAB computer program for computing the 

interference between three adjacent circuits (multi-transmission lines). The source code 

is Tamer.m. 

The source code was written using MA TLAB editor and saved as Tamer.m. The 

program was tested and compiled with MA TLAB version 7.2.0.232(R2006a). The user 

needs to input the measured value ofhis/her experiments. The source code reads the 

inputs, computes the interference, and draws the figures. The code falls into two distinct 

categories: one which computes the far end voltages of the receptor circuit Vn, (or 

VR (A,) ) and plots the computed results versus the measured results and one which 

computes the near end voltages of the receptor circuit V NE (or VI/ (O)) and plots the 

computed results versus the measured results. The following is an example of running 

the source code in MATLAB of figure 33: 

» Tamer 

Please enter the peak to peak measured voltages in volts at the load side (VFE or 

Vr(l))[0.04 0.110.180.260.3672 1 12.31453.2234.1484.9615.837.373 9.46310.84 

11 12.832 12.363 11 11 10.6259.3467.9696.4654.0632.406 1 1 0.53220.4980.626 

0.7285 1 1 1 2.4022.551 ] 

Please enter the peak to peak measured voltages i volts at the source side(VNE or 

Vr(O))[0.04 0.11 0.190.260.3699 1 1 2.27543.1053.914.5555.476.9349.092 10.684 

12.168 13.633 14.00414.082 13.88 13.37912.53910.9969.1026.1473.6642.6761 1 

0.60250.2551 0.3301 0.7891 1 1 2.7664.18] 

Please enter the peak to peak measured voltage in volts from the function generator 

10 

Please enter the operating frequencies in Hertz [100000300000500000699300 

1000000300300050000006993000 10000000 12980000 14970000 1700700020000000 

22989000 25000000 27030000 30030000 33110000 34970000 36969000 40000000 
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4201000045050000470600005000000053050000 55100000 56980000 59880000 

6309000064940000668900006993000072990000 74910000 7692000080000000] 

Please enter the per unit length generator inductance (H/meter) 8.95759* 1 0/\-07 

Please enter the per unit length mutual inductance (H/meter) 4.47880* 10/\-07 

Please enter the per unit length receptor inductance (H/meter) 6.36302 * 1 0/\-07 

Please enter the per unit length mutual capacitance (F/meter) 2.26001 * 10/\-11 

Please enter the per unit length generator capacitance added to the mutual 

capacitance (F/meter) 2.90979*10/\-11 

Please enter the per unit length receptor capacitance added to the mutual 

capacitance (F/meter) 4.52002* 10/\-11 

Please enter the impedance at load end (ZFE or far end)(Ohm) 135.7 

Please enter the Rip Cords length (meter) 1.7 

» 

The results are plotted as in figure 33. The source code ofTamer.m is written below: 

tYoungstown State University 
~Done by : Tamer A . Taher 
Electrical and Compuce:r: Engineering Department 
~Y0ungstown , OR 44555 
This suurce code cal~~lates the voltage a~ eha far end and near end of 

;three Rip Cord wires as shown in fig~re 25 in my thesis 
cl e ar all ; 
f o r mat l ong "'! ; 

APL1 = i nput ( ' Please erter the peak to peak measured voltages in v01ts 
at the load side (VFE o r Vr(l)) ' ) ; 
AP0 1= i nput( ' Please e,ter the peak to peak measured voltages i volts at 
the source side (VNE or Vr(O)) ') ; 
Vi n nl= i nput (' flease enLer the peak to peak measu~ed voltage in volts 
from t he function generator ') ; 
FREQOENCYH = inp ut ( ' Please enter th,;? operating frequenc i es ire Her t z '); 
LG= input( ' Pleas e enter the per uni t length gene r at e r indu c tance 
(H/meter) , ) ; 


LM= input( ' Please enter ~he per unit length mut~a :: inductance 

(H/meter) ' ) ; 

LR= i nput ( ' Please enter ~he per uni- length receptor inductance 
(H/meter) , ) ; 

CM= i nput ( ' Please enter Lhe per ~ni~ length m1..ltual capaci~ance 
(F/meter) ' ); 

CG l = inpu t (' Please enter the per uni t lengt~ generator capacic~nce 
added to the mut~al ~apacitance (F/meter) ' ) ; 
CR1 = i nput ( ' Please enter the per unit length receptor capacitance added 
to the mutual capacitance (F/meter) ' ); 
R= i nput ( ' Please enter the impedance at load end (ZFE or far end) (Ohm) 
' ) ; 

L= i npu t ( ' Please enter the Rip Cords length (meter) '); 
APL=APL l /2 ; 
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Vi nn=Vinnl /2 ; 
APO=AP01/ 2; 
FREQUENCY=FREQUENCYH*(2*pi) ; 
CG= CGl - CM ; 
CR= CRI - CM ; 

ZOG= 0 ; 

ZLG= 9 9 999999999999999999999999999999999 *lO~ 99 ; 


Rl=2 . 2 * l OA6 ; 
RR=(R*2 . 2 * lO ~6) /(R+ 2 . 2 *lO~ 6) ; 

v=3*l O~8*. 70 ; 

m=l ; 

FREQUENCYq= ( . 1 :.1:80 ) *( lO" 6* 2*pi ); 

while (m<801) ; 

VIN(m) =Vinn ; 

OMG= FREQUENCYg(m) i 

ZLR=(RR/ (j* OMG*12*10 ~-12 * RR+l) ) ; 

Z 0 R = ( 2 . 2 * 1 0 ~ 6/ ( j * OMG *12 * 1 0 ~ - 12 ~. 2 . 2 * l OA 6 + 1 ) ) ; 

C=cos (OMG*L/(v)) ; 
S=s in(OMG* L/ (v)) / (OMG* L/( v) ); 
DELTA(m)=( ZOG+ ZLG)*(ZOR+ZLR )*( C~2) ­

( OMG~ 2 ) *(L~2)*(S~2 )*((ZLG*ZOG*(CG+CM)+LG)*(ZOR*ZLR*(CR+CM) +LR) - (LM­

CM* 20G *ZLR)* (LM­

CM*ZLG* ZOR))+j* OMG *L* S* C*( (ZOR+ZLR)*(ZLG*ZOG*( CGTCM)+ LG ); (ZOG+ZLG ) * (ZOR 

* ZLR*(C R+CM)+LR)) ; 

VRL (m) = ( (j *OMG*L* S* ZLR* (CM"ZLG* ZOR-LM ) ) * (VIN (m) ) / (DELTA (m ) ) ) ; 

VRL1(m) = a bs (VRL(m)) ; 

VRO (m) =VIN (m) * ( (j *OMG *L* S* ZOR) * (C* (ZLR* ZLG*CM+LM ) +j *OMG*L* S* (ZL1<'""CM*LG+ 

ZLG *LM * (CG +CM) )) / DELTA (m) ); 

VR01 (m)=abs (VRO( m) ) ; 

KK=LM/ s qrt(LG*LR ) ; 

T=L/ (v) ; 

RS =ZOG ; 

RNE=ZOR ; 

RFE= ZLR ; 

RL=ZLG; 

ZCG=v*LG * sgrt( 1 - KK~2) ; 

ZCR=v * LR* sgrt( 1-KK~2) ; 

ASG=RS/ZCG; 

ALG=RL / ZCG ; 

ASR= RNE /ZCR ; 

ALR=RFE / ZCR ; 

P= 1 - ( KK~2 * (1 -ASG*ALR)*( 1 -ALG*AS R) )/( ( l +ASG* ALG) * (l+ASR*ALR) ) ; 

TG= (T/sqr t (1 - KKA2 ))*((1+ASG*ALG)/(ASG+ALG) ) ; 

TR= (T / s qrt( 1 -KKA2)) * ( (1+ASR*ALR)/(ASR+ALR)) ; 

MNECAP= (RNE* RFE/(RNE+ RFE)) *CM*L* (RL/(RS+ RL ) ) ; 

MFECAP =MNECAP ; 

MFEIND= - (RFE/( RNE+ RFE ))*LM*L*(l/(RS+RL) ) ; 

MNEIND=(RNE /( RNE+ RFE)) *LM *L* (l /(RS+RL) ) ; 

MNE=MNEINO+MNECAP ; 

MFE=MFEIND+MFECAP ; 

KNE=MNEIND*ALG*( 1/sqrt( 1 - KK~2) )+MNECAP*(1 / ALG) *(1 /sgrt(1 -KKA2 )) ; 

den=CA2+ (j *OMG) A2*S A2 *TG*TR*P+j* OMG* C*S* (TG+ TR); 

Vne(m) =( S/den) * (j* OMG * MNE* C+ ( j*OMG) ~2 *T*KNE*S)*VIN(m ) ; 

VNE(m)=a bs (Vne(m)) ; 
Vfe(m)= (S/den)*( j*OMG*MFE)*VIN(m) ; 
VFE( m) =a bs (Vfe (m) ) ; 
hh (m)=m ; 
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m=m+l ; 

end 

ff=FREQUENCYq/((10 A 6*2*pi )) ; 

ffl=FREQUENCY/((10~6*2*pi)} ; 

figure 
plot (ff , VNE , '- k ' , ff , VROl , '- - k ' ) 
hold on 
plo t (ffl , APO, ' kQ ') 
title( ' (a) Near End Op~n V01tage VNE ', 
y l abel(' Voltage in voles ') 
xlabel ( ' Frequency in MHz ') 
gri.d 01' 

h = legend( ' Prediction model : equation 6 . 23 ' , ' Prediction model : 
equation 6 . 20 ', ' 8xperimental r esults ' , 2) ; 
se t (h , ' Interprete r ', ' none ') 
figure 
plot(ff , VFE , ' - k ' , ff , VRLl , ' - -k ' ) 
ho l d on 
plot(ffl , APL , ' ko ' ) 
title(' (b) Far End Load Voltage VFE ') 
ylabel(' V.ltage in volts ') 
xlabel(' frequency in MHz ' ) 
gri d on 
h = legend(' Prediction model : equation 6.22 ', ' Prediction model : 
equation 6 . 19 ' , ' E.xperimental results ' , 2) ; 
set(h , ' Interpreter ', ' none ' ) 
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