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(ABSTRACT)

This dissertation presents the characterization and
modeling of crosstalk noise based on the theory of coupled
microstrip lines. An equivalent circuit model used in this
work comprises of the addition of mutual inductances and

mutual capacitances to the fundamental transmission 1line

model. Characterization of crosstalk noise along adjacent
lines, current-voltage characteristics, characteristic
impedance, effective dielectric impedance, and maximum

crosstalk are performed analytically. Computer simulations
and computations of these parameters are also performed.
The circuits are realized experimentally, and an
investigation of crosstalk noise using time domain and
frequency domain measurement techniques is conducted. The
results illustraté that the computation matched closely the
experimental data and explained the physical phenomena

bettter.
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CHAPTER 1

INTRODUCTION

Crosstalk noise is an undesirable signal produced by
either voltage drop due to current flow, electromagnetic
fields, or both. The transmission of energy takes place in
the region outside the conductor and the circuit model of a
transmission line contains inductances, capacitances, and
resistances associated with an incremental 1line length so
that the occurrence of crosstalk noise is related to these
inductances, capacitances, and resistances. Since
microstrip lines are used in digital systems and microwave
applications, high density circuitry always emphasizes the
problem of crosstalk noise. |

This dissertation describes work carried out to examine
the characterization and modeling of crosstalk noise based
on theory of coupled microstrip lines. An equivalent
circuit model used in this work comprises of the addition of
inductances and capacitances to the fundamental transmission
line model. Characterization of crosstalk noise along
adjacent lines, current - voltage characteristics,
characteristic impedance, effective dielectric impedance,
and maximum crosstalk are performed analytically. Computer
simulations of these electrical parameters are also

performed. The circuits are realized experimentally and an



investigation of the crosstalk noise in the time domain and
the frequency domain using various measurement techniques is
also conducted.

This dissertation is organized into six chapters. The
first chapter, Chapter 1, consists of this introduction.
The next chapter, Chapter 2, presents the fundamentals of
crosstalk noise theory. The theoretical background needed
to understand the crosstalk noise equivalent circuit model,
such as transmission line theory, microstrip line theory,
and coupled microstrip lines theory, is also discussed.

Chapter 3 presents an equivalent circuit model of
crosstalk noise between adjacent lines. The
characterization of equivalent circuit model, current -
voltage characteristics, characteristic impedance, effective
dielectric impedance, and maximum crosstalk are developed
analytically. The computer simulation and computation of
these parameters are conducted. Maxwell Software is used to
simulate data of physically based equivalent circuit model.
The data are used to determine the characterization of
crosstalk noise. TOUCHSTONE Software is used to simulate
the data on crosstalk noise on adjacent 1lines using
frequency domain measurement techniques. On the other hand,
Spice Software is used to simulate the data using time

domain measurement techniques.



An experimental realization of these microstrip
structures is demonstrated in Chapter 4. The fabrication
processes of these structures consist of etching copper-
cladded teflon-ceramic composites, as well as screen
printing various metallizations. An investigation of
crosstalk noise in both time domain measurements and
frequency domain of these structures is also demonstrated.

In Chapter 5, crosstalk noise considerations to verify
the model, such as different line lengths, different 1loss
lines, efficiency test on stripline are discussed. These
structures are realized experimentally.

Finally, Chapter 6 summarizes the major findings of

this dissertation.



CHAPTER 2

FUNDAMENTAL OF CROSSTALK NOISE THEORY AND OVERVIEW

2.1 Transmission line

Transmission 1line 1is wused to transmit energy and
information from one 1location to another. There are
numerous types of transmission 1lines, such as microstrip
lines, strip 1lines, and coplanar 1lines. Each of these
structures possesses electrical characteristics upon the
propagation of the current along the line length.

A transmission line is different from a waveguide in
the sense that it has electrical characteristics distributed
in each conductor per unit length. The field distribution
along the uniform transmission line is known as transverse
electromagnetic wave (TEM) because both electric and
magnetic waves propagate in a perpendicular direction to the
propagation direction. The electrical characteristics
comprise of the resistance (R), the conductance (G), the
capacitance (C), and the inductance (L) throughout the line.
The transmission line may be analyzed using an equivalent
circuit of a small section of the line as shown in Figure
(2.1). In the case of lossless transmission line, the
series resistance (R) and the shunt conductance (G) can be
neglected.

The voltage between conductor may be expressed as,



V = Vg cos (wt-fz+¢) (2.1)
where V is a function of time and distance in z direction.

Applying Euler's identity, gives the equation,

V=Re[Vgexpij (wt=-p8z+¢) ]
= Re Vg exp (j¢) exp (-jBz) exp(jwt)
In phasor form, the voltage can be written as,
Vg = Vg exp (j¢) exp (-jBz)

Applying an increment length of a uniform transmission
line where R, G, L, and C are functions of the transmission
line configuration and material as shown in Figure (2.1),
gives the voltage of the form,

Vs = (¥R 8z + 3j 5 wlL sz )Ig

+ (R 8z + 3J 5 WL 62)( Ig +8I ) + Vg + Vg
(2.2)
Dividing eq.(2.2) by 6z, reduces the equation to the
form,
§ Vg
— = - (R+3jwL)Ig-(%R+ 34 L )6Ig (2.3)
§z
when 6z is very small and approaches zero, §Ig approaches
zero. Then, equation (2.3) can be written as,
§ Vg
— = - (R+JjWwWL)Ig (2.4)
6§z

The voltage across the central branch is approximated

to be equal to Vg, and the second equation is of the form,



§ Ig
E— = - (G+ 3jwcC)Vg (2.5)
§z
In a sinusoidal time variation, Maxwell's curl
equations for the uniform plane wave are of the form,

Vx Eg = - 3j w u Hg (2.6)

and

"

vV x Hg (0 + jJ w € )Eg (2.7)

where both Eg and Hg are functions of z only as,

Es = Exs ax
and
Then, eqgs. (2.6, 2.7) take the forms,
d Exs
dz
and
d Hys (2.9)
—_— = = (0 + J We )Exg
dz

The boundary conditions in field equations of Eyxg and
Vs are the same as those for Ig and Hyg, the solution of the
field equations can be written as,
Egyg = Exo exp (-1 2)
and
Vg = Vg exp (-7 2)
Applying the boundary conditions, Vg = Vg at z = 0 and
V=Vgat z =0, t = 0, gives the propagation constant (r)

for the uniform plane wave in the form,



T = [(Jwpu(o+3Fwert

a+ JjB
= [ (R+3JwL) (G+jwc) 17 (2.10)
where the real and imaginary parts, a« and g, are the
attenuation constant (Np/m) and the phase constant (rad/m)
of the line, respectively.
The coupled time-harmonic transmission line equations,

egs. (2.4-2.5), can be combined to solve for V(z) and I(z)

as,
§2 V(z2)
— = 12 v(z2)
622

and
§2 1(2)
— = 12 1(2)
622

which provides the solution of the form,

V(z) = Vvi(z)+Vv (2z)
= Viexp ( -12) + V  exp ( 12 ) (2.11)
and
I(z) = IV (z)+1" (z)
= ItV exp ( -12) + I" exp ( 72 ) (2.12)

where the plus and minus superscripts denote wave traveling
in the + 2 and - 2 directions, respectively. The
relationship among wave amplitudes vt, v-, 1%, and I™ takes

the form,



vt V- R+3jwlL
1t I~ T

The ratio of voltage and current at any 2 in equation
(2.13) for an infinitely long line is called characteristic

impedance (Zg), written as,

R+ 3jwlL T

A =
T G+ jwcC

N

R+ 3jwlL
= _— 9} (2.14)
G+ jwcC

In the case of lossless transmission line, R = 0, G =0.
The propagation constant 7 equals j B, a = 0.
[(GwL) (Fwo) 17
j w(LC)*¥ (2.15)

T

I

The phase velocity v equals w / B.

v =(LOQC)F" (2.16)
and
Zo = Rg + J Xo
= (L / C)si = constant value (2.17)
where Rg = (L / C)%, and Xo = 0



In the case of low-loss transmission line, R << w L and

G << w C, the propagation constant 7 equals a + j S.

% %
R G
r =3 w(LC?Y |1+ 1+
j wL j wC
. R G
xjw(LC)? |1 + — 1+ ——
2 j WL 2 j wC
. 1 R G
= jw (LC)® (1 + + (2.18)
2 j w L Cc
where
% %
1 C L
a = — | R| —| +6 | —
2 L C

B = jw(LC)?

The phase velocity v equals tow / B
v = (LC)% (2.19)
and

Ro + J Xo

N
o
]

1
[
+



where

and

Q

Q

4

(2.20)
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Figure 2.1 Elementary Section of A Transmission Line
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2.2 Microstrip Line

A microstrip line has a metal strip and a ground plane
separated by dielectric material, Figure (2.2). The
distributions of electric and magnetic fields are presented
in Figure (2.3). Due to the concentration of electric
field in the dielectric region below the strip, most of the
wave energy 1s concentrated there. The distribution of the
electric field 1lines approaches the air dielectric
interface. Using maxwell's equation, pure TEM mode cannot
propagate in a microstrip. This leads to the conclusion
that a pure TEM mode cannot support a microstrip 1line.
Since most of the electric field 1lines are concentrated
below the strip, and the electric flux crossing the air
dielectric boundary is small, the deviation from TEM mode is
small and may be ignored for most of the circuit design
application. The mode propagating along the microstrip line
is quasi~-TEM mode. The effective dielectric constant is
lower than the dielectric constant of the substrate due to
the external fields. Many approaches to characterize the
microstrip line require extensive calculations. The closed
form expressions for computer aided design of microstrip is
provided and some expressions are programmed in FORTRAN for
calculation to support the theory in Appendix I. Some
examples of these simulation results are demonstrated in

Figures (2.4) - (2.5).

12



a ) Characteristic Impedance and Effective Dielectric
Constant

The closed form expressions for Zg and €gff have been
reported by Wheeler (1965, 1977) , Schneider (1969), and
Hammerstad (1975). Owens (1976) investigated the
applications of expressions given by Wheeler, comparing
numerical computations requiring elaborate algorithm that
was known to be very accurate. Expression for e€qoff (2Z9)

furnished by Owens (1976) is of the form,

5 2
(ep+l) 29.98 2 €r-1 L 1 4
€Eeff = 1+ B 1n + 1n
2 Zo |€xtl €xr+l 2 €r m
(2.21)

The effect of thickness (t), which influences the field
distribution, is very small and negligible in most single
microstrip lines. For microstrip lines designed to carry at
least moderate power, the thickness may be significant.
Several researchers have investigated the effects of finite
strip thickness. The simple and accurate formula for Zg and
€eff have been reported by Bahl (1977). The following
expressions are summarized.

For W/h £ 1,

60 h We

ZQ = E—— ln |8 —m + 0.25 — (2.22)
(€eff) * We h

13



-1
1207 We We
Zo = - + 1.393 + 0.667 — + 1.444
(€eff)? | h h
(2.23)
where
W/h < m/2
We W 1.25t 47w
= + l1 + 1ln — (2.24)
h h mh t
and
W/h 2 n/2
We 1] 1.25¢t 2h
= + 1 + 1ln — (2.25)
h h Th t

The effective microstrip permittivity eqoffg due to the
effects of thickness can be written in the simple form,
€eff (t) = €aoff - &S€eff (%) (2.26)
where
( €x-1 ) t/h

Seerr (t) = - (2.27)
4.6 (W/h)*?

The effect of frequency on €gff is described accurately

through the dispersion model given by Getsinger (1973). The

14



expression of €gff based on the same foundation is of the

form,
€r = €eff
eeff (f) = €r - 5 (2.28)
1+ G (£/fp)
where pug = 4 7w * 10”7 H/m, fp = 209/ 2 o h, and G =

0.6 + 0.009 Zg

This model requires at least optimization of the G -
factor for any given microstrip 1lines on a particular
substrate. Edwards and Owens (1976) carried out extensive
measurements on microstrip 1lines and established the

expression for G - factor by curve fitting in the form,

Zg - 5
G = _— + 0.004 Zg (2.29)
60 v
This work applies well in the range 10 < Zg £ 100 Q, and
2 < f < 18 GHz.
Based on extensive measurements, Edwards and Owens

suggest the following expression for dispersion having

accuracy better than 0.8 per cent.

€r — €eff

1+(h/z)1-33 + ( 0.43 £2 -0.009 £3 )

€eff (f) = €p -

(2.30)

where f is in gigahertz and h is in millimeters.

15



The effect of frequency on Zg has been described by
several investigators. The results of Bianco et.al. (1974),
providing accurate results, may be written as,

ZoT - Zo0

2o(f) = 207 - > (2.31)
1+6 (f/tp)

where Zgp is twice the characteristic impedance calculated
for a triplate transmission line having the same width W as
the microstrip line but twice the substrate height (2h).
Referring to Edwards (1981), this expression for 50 ohm line
on an alumina substrate yields an increase of only 5 percent
over the 0 - 16 GHz frequency range.
The wavelength A can be given by,
C

A = 1 (2.32)
f (€eff )?

and the physical 1length of microstrip element is

approximated to be a quarter wavelength.

b ) Losses

The total loss comprises of the conductor loss and the
dielectric loss, ac and aq, respectively.

The closed form expressions for losses have been
reported by Pucel et al.(1968). The expression for

conductor loss (ac) is of the form,

16



Rg 32 - ( We/h )2

1.38 A
h 2o 32 + ( We/h )2

Rg 20 €eff 0.667 We/h
= 6.1 * 1072 A We/h +
h We/h + 1.444

(2.33)
where
A=1+h/We (1+ 1n ( 2B/t ) / 7,
B=h , for W/h 2 1 / 2n

=2 1TW , for wW/h < 1/ 27

Rs = (7 fuop )°
p is the resistivity of the strip conductor
The dielectric loss aq (in dB / unit length) has been
reported by Gupta et al. (1979) as,
€r €eff - 1 tan §

ag = 27.3 - (2.34)
€r - 1 €eff: wave length

where tan § is the loss tangent of the dielectric.
Also, this dielectric loss (in dB/microstrip
wavelength) has been reported by Hammerstad and Bekkadal

(1975) as,

€r ( €eff - 1)
ag = 27.3 tan § (2.35)

( €r = 1) €eff

17



c) Pulse Propagation Along Microstrip Lines

There are many applications in which microstrip lines
are used to conduct pulses rather than microwave energy such
as high speed computer 1logic, high bit-rate digital
communication, high speed samplers for time domain
reflectometers, etc. The important property of the
microstrip lines in these applications is propagation delay,

which can be written as,

delay = 1 / velocity
=1/ Vp s/m
= €eff? / C s/m (2.36)

To 1increase the effective propagatibn delay, the
capacitive placing along the microstrip 1line can be
introduced. The delay and velocity are changed by these
capacitances as shown in the following equations.

1 / velocity

delay

1/ Vp s/m
(LC)* (2.37)

18
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Figure 2.2 Microstrip Line Configuration
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Figure 2.4 Simulated Effective Dielectric Constant
versus Frequency, (Microstrip Line Configuration)

( €r=9.8, w=24 mils, t=0.01 mil, h=25 mils)
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Figure 2.5 Simulated Characteristic Impedance
versus Frequency, (Microstrip Line Configquration)

( €r=9.8, w=24 mils, t=0.01 mil, h=25 mils)
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2.3 Coupled Microstrip Lines

Microstrip lines can be used in moderate to high speed
digital systems. The problem of crosstalk noise can be
considerable when high density circuitry and short rise time
pulses are involved. On the same substrate, the design
purpose is to have microstrip 1lines isolated from each
other. 1In practice, crosstalk noise can exist even when the
lines are separated by several strip widths. 1In this work,
methods to characterize crosstalk noise are introduced.

Crosstalk noise is a critical obstacle in the pulse
system. Methods for understanding the characterization of
crosstalk noise require a good understanding of the coupled
microstrip lines area. Figure (2.6) presents the coupled
microstrip lines configuration. Figures (2.7) - (2.8) show
the even and odd mode fields in coupled microstrip lines,
respectively. Figure (2.5) shows the capacitance model of
coupled microstrip lines for the analysis purpose. The
computation of this model is written in FORTRAN program
shown in appendix B. Some examples of these simulation

results are demonstrated in Figures (2.10) - (2.11).

a) Characteristic Impedance and Effective Dielectric
Constant
The analysis formula for characteristic impedance have

been reported by Garg and Bahl (1979). The approach is to

23



represent the total capacitance of a line in terms of a
parallel plate capacitance and two fringing capacitances.
Using these capacitances, the total even and odd mode

capacitances, Figure (2.9), can be given by,

Ce = Cp + C¢g + C'f (2.38)
where
W
Cp = €g € — (2.40)

C¢ 1is the fringing capacitance of a microstrip 1line
with width W/h , impedance 2z, and effective dielectric
constant €re, and is of the form,

2C = (€re)?/ (c2Zo) - Cp (2.41)
and c = -3 * 108 m/s

Cg' is obtained empirically in the term,

C'e = ot (2.42)
1+A( h/ s ) tanh (10 s/h)
and
A = 1+ exp[-0.1 exp( 2.33 - 2.53 W/h )]
(2.43)

Cga is the capacitance term in odd mode for the

fringing field across the gap in air region and is obtained
as,

K(k')
(2.44)

2Ca=€o
9 K(k)

and

24



s/h
K = (2.45)
s/h + 2W/h

K' = (1-K2)3 (2.46)
- Ccgd is the capacitance in odd mode for the fringing

field across the gap in dielectric region and is given as,

€o€r S 0.02
ln|coth|—| |+ 0.65C¢
T 4h s/h

2

1 -
(€p)® + 1 - €

(2.47)
The characteristic impedances and effective dielectric
constants for even and odd modes can be obtained from the

capacitance expression,

Zoi = [ c (c(i) cd(i) )7t (2.48)
i i
€ (e) = (2.49)
cd (i)
where i = even or odd, e or o, respectively.

and C, denotes the capacitance with air as the dielectric
medium.
Jansen (1978) gave the expression for effective width

W¢ which was valid for s 2 2t,

W& W W -0.69 &W

= + (1-0.5exp —— ) (2.50)
h h h st
Wto W& st
—_ = — + — (2.51)
h h h

where,

25



st 1 t/h
—_— = —_— (2.52)
h €r s/h

b) Losses
Coupled microstrip 1lines have two kinds of 1losses,
ohmic loss (ao) and dielectric loss (ag). These losses can

be represented in the forms,

8.68 Rs 2 1 d Ccaet W
240 7 295 h c(Capl)? d(W/h) 2h
d Catt S d Ccat? t
- (1 -2 ) + (1 +2 —)
d(S/h) 2h d(t/h) 2h
(2.53)
and
i er ( erel- 1)
g = 27.3 — tan § (2.54)
(ere™)® ( €r - 1)
where i = even (e) or odd (o)

26
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Figure 2.7 Even and 0dd Mode Electric Fields

in Coupled Microstrip Lines
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Figure 2.8 Even and 0dd Mode Magnetic Fields

in Coupled Microstrip Lines
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Figure 2.10 Simulated Effective Dielectric Constant
versus Frequency, (Coupled Microstrip Lines
Configuration) ( €,=9.8, w=20 mils,

t=0.01 mil, h=25 mils and S=10 mils)
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Figure 2.11 Simulated Characteristic Impedance
versus Frequency, (Coupled Microstrip Lines
Configuration) ( €,=9.8, w=24 mils,

t=0.01 mil, h=25 mils, and S=10 mils)
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2.4 Overview of Crosstalk Noise Theory

Cohn (1955) demonstrated that two fundamental TEM modes
could exist on a pair of parallel conductor strips between
parallel ground planes. He had a formula for Zge and Zgg
for buried lines. Jarvis (1963) discussed the effects of
interconnections on high speed 1logic circuits. This
included the source, calculation, and minimization of
interconnection crosstalk noise. Wheeler (1965) analyzed
the characteristic impedance and propagation velocity of a
single 1line wusing a modified conformal mapping, and
Yamashita (1968) computed these quantities using variational
mapping. Connolly (1966) did an analysis of cross-coupling
from line to line in multilayers when excitation function
was a fast rise time voltage pulse. Catt (1967) defined
crosstalk noise and coupling noise in digital systems.
Silvester (1968) proposed the method using Green's function
and integral equation for the TEM wave properties of
microstrip 1lines. His work had no restriction on the
thickness of stripline conductor and got along with the
experimental work presenting by Kaupp (1967). Bryant and
Weiss (1968) analyzed the characteristics of coupled lines.
Their work had a restriction on line thickness. Okugawa and
Hagiwara (1970) calculated the crosstalk waveform in
lossless coupled microstrip lines using Silvester's method

and a numerical method. Garg and Bahl (1979) proposed a
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method to calculate the characteristics of coupled
microstrip 1lines. Their approach represented the total
capacitance of a line to ground in terms of a parallel plate
capacitance and two fringing capacitances. The capacitance
expressions were used to determine characteristic impedances
and effective dielectric constants. Hamilton (1982)
presented the construction and performance of a compact chip
mount for making multiple, high speed, 1low crosstalk
contacts to a Josephson integrated circuit. Seki and
Hasegawa (1984) analyzed crosstalk in very high speed
LSI/VLSI using a coupled multiconductor metal-insulator-
semiconductor (MIS) microstrip line model. They proposed a
shielded multilevel interconnect scheme for reduction of
crosstalk without reducing wiring capacity. Bakoglu (1985)
proposed a model that included the effects of scaling
transistor, interconnection, and chip dimensions for
interconnection lines in optimal interconnection circuits
for VLSI. Kwon (1987) noted that the chip-to-chip
interconnections can 1limit overall performance of VLSI
circuits. He proposed a two-level structure to offer an
attractive combination of high speed, low crosstalk noise,
low loss, and high density. This included a new model of
circuit configuration of coupled microstrip 1lines for
crosstalk noise study. Hatta (1988) introduced a three-

phase three-conductor transmission 1line in an inductive
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radio system for detecting the ©position of a 1linear
synchronous motor car. His work showed the relation between
the crosstalk between positive and negative-phase-sequence
components in a helically wound transmission 1line, and
deviations of the 1line conductors from their normal

positions.

2.5 Research Topic Identification

The line length in the work is assumed to be long in
order to observe the characteristics of crosstalk noise, in
order to provide an approximate shape of pulse waveform in
time domain measurement techniques. This assumption is
quite acceptable in high 'speed computers and VLSI
applications, but not in high frequency applications.
Considering the fact that the wavelength of transmission
line operated at high frequency is very short, the length of
this line should be correspondent to its wavelength in order
to perform satisfactory. Therefore, the assumption of a
long transmission line may not be an appropriate one to
adopt in some applications.

This work demonstrates the method to characterize
crosstalk noise when the circuit is operated at high
frequency. An equivalent circuit model used in this work
comprises of the addition of inductances and capacitances to

the fundamental transmission 1line model. Characterization
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of crosstalk noise along adjacent 1lines, current-voltage
characteristics, characteristic impedance, effective
dielectric impedance, and maximum crosstalk, are performed
analytically in Chapter 3. Computer simulation and
computation of these parameters are also conducted. MAXWELL
Software is used to simulate data of physically based
equivalent circuit model. The data are used to determine
the characterization of <crosstalk noise. TOUCHSTONE
Software is used to simulate the data on crosstalk noise on
adjacent lines in frequency domain, where SPICE Software is
used to simulate the data in time domain. The circuits are
realized experimentally using both conventional thick film
printing technique on alumina substrates, as well as
selective etching of copper cladded teflon-ceramic duriod
composite substrates. An investigation of the crosstalk
noise using both time domain measurements and frequency
domain measurements of these structures is demonstrated in
Chapter 4. Crosstalk noise considerations to verify the
model, such as different line lengths, different loss lines,

and efficiency test on stripline are discussed in Chapter 5.

2.6 Summary
This chapter presents an overview of crosstalk noise.
A summary of transmission line theory related to this work

is demonstrated. The characterization of microstrip lines



and coupled microstrip lines based on literature review is
reviewed. Section 2.5 presents the problems encountered in
crosstalk noise theory when the circuit is operated at high
frequency, thus identifying the research topic.

In the next chapter, an equivalent circuit model used
in this work is presented. Characterization of crosstalk
noise along adjacent lines, current-voltage characteristics,
characteristic impedance, effective dielectric constant, and
maximum crosstalk are performed analytically. Computer
simulations and computations of these parameters are

performed in order to support the theory.
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CHAPTER 3

MODELING, ANALYSIS AND SIMULATION OF CROSSTALK NOISE

3.1 Introduction

TEM waves are not possible in an inhomogeneous medium.
Since a digital signal is not significantly distorted when
it travels down the surface conductor, the propagation mode
can be approximated to TEM. The concept of crosstalk
modeling comes from a simple model of a transmission line as
shown in Figure (3.1) Then, two parallel transmission lines
are presented in Figure (3.2) In this work, the circuit
configuration is presented in Figure (3.3). The crosstalk
model between the microstrip lines can be demonstrated in
Figures (3.4) - (3.5). Figure (3.4) represents primary
crosstalk model while Figure (3.5) represents transient
model.

In this model, the mutual inductance M1 and the mutual
capacitance Cml represent primary crosstalk. The model is
treated as forward signal system, Figure (3.4). The effect
of mutual inductance and mutual capacitance associated with
a forward signal can be classified as primary crosstalk.
Applying the relationship of transmission line, provides the
relationship of these physical elements. The equations are

given by,

38



- — = L —— + M — (3.1)
dx dt dt
d Vg d I d Ig

- — = M — + L — (3.2)
dx dt dt
d Ip d Va d Vg

- — = ¢— - cm — (3.3)
dx dt dt
d Ip d va d Vg

- — = -cmp — + ¢ — (3.4)
dx dt dt

where Va and Ip are the voltage and current on the
excitation line, respectively. Vg and Ip are the voltage
and current on the pick-up line, respectively. L, ¢, M1,
and Cml are the self inductance, the self capacitance, the
mutual inductance, and the mutual capacitance per unit
length, respectively.

Using approximation, gives the result,

Mp << L ,Cm << C, VB << Vap , and Ip << Ip

Applying Laplace Transform to equations (3.1)-(3.4),

gives a relationship of the form,

d Va

- —— = L S Ip (3.5)
dx
dVB

- — = My S Ip + L S Ip (3.6)
dx
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A
- — = C 8§ Vp (3.7)
dx
d Ip
- —— = = Cp1 SVp+CsS Vg (3.8)
dx
Differentiating equations (3.5) - (3.6), provides the

following results,

a2 v, d Ip
- - = L § — (3.9)
dx? dx
2
d© vp d Ip d Ip
- — = M s— tTrs— (3.10)
dx? dx dx
Substituting equations (3.9) - (3.10) with equations
(3.7) - (3.8), provides the final relationship of these

physical elements.

d2 Va
- — = -Lcs?v, (3.11)
dx?
or
a2 Va
— +Lcs2vy = o0 (3.12)
dx?
and
d2 VB
- — = - (mc S2Va) +LS (CmlSVy=-CSVg)
dx

(3.13)
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or

2
d<¢ vg
— -LCcsS?vg = (MpC-LCml) S%V (3.14)
dx?2

let the speed light in vacuum v equals to 1 / LC

Then, Equations (3.12) - (3.14) can be written as,

dz va 52
i - —Vy = 0 (3.15)
dx2 V2
d2 VB 82 52
, "~ T3 VB= [ (M /L) - (Cml/C) ] —7 Va
dx v v

Applying the boundary condition, at t = 0, x = 0, Vp =
V Volt, reduces the solution to the form,

Va=Vexp(=-Sx/V) (3.17)

<
w
]

Vexp(-Sx/v) [ Al + Bl ]
+ Vexp( Sx/ vVv) [ A2 + B2 ] (3.18)
where Al and A2 are constants, Bl and B2 are in form of
exponential functions [reference # 13], Vp 1is a step
function and Vg can be interpreted as a square pulse
function, Figure (3.6), where V is the applied voltage.

The net crosstalk noise waveform is the result of the
addition of primary crosstalk and transient crosstalk,
Figure (3.7). Since the microstrip line is not a lossless

line, losses occur when the signal is transmitted along the
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line. This situation can be applied with the crosstalk
signal. The crosstalk signal distribution from the
beginning to the end of the adjacent lines is presented in
Figure (3.8). Due to the losses, the signal near the end of
line, Figure (3.9), 1is small, but it still has the same
properties as that at the beginning of the 1line. When
signal is transmitted to the end of the line, the shape of
the signal is predicted to have the same magnitude with
opposite phase, Figure 3.10 (a). In general, the reflected
signal may be compressed to be a differential signal, Figure
3.10 (b). Compared to a normal signal, the differential

signal possesses larger magnitude but smaller bandwidth.
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Figure 3.1 Simple Model of A Transmission Line

43



Figure 3.2
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Simple Model of Two Parallel Transmission Lines
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Figure 3.3 Circuit Configuration for Crosstalk

( 2, = 50 ohms )
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Figure 3.6 Waveform at The Main Line (Vp) and Waveform at

The Pick Up Line (Vg) in Section A Analysis
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(a)

Primary Crosstalk Secondary Crosstalk

+

(b)

Figure 3.7 Crosstalk Noise Waveform at The Beginning

of Pick Up Line
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Crosstalk Signal

Distribution

Crosstalk Signal

ﬁ

Signal from Source

Figure 3.8 Crosstalk Noise Distribution from

The beginning to The End of Pick Up Line
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Figure 3.9

——

End of the line

Crosstalk Noise wéveform near The End

of Pick Up Line
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End of the line

(a)

End of the line

(b)

Figure 3.10 Crosstalk Noise Waveforms at The End of Pick Up
Line; a) Same Shape But Opposite Phase and

b) Different Shape from (a)
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3.2 CURRENT AND VOLTAGE CHARACTERISTICS

In this model, Figure (3.4), M1 and Cml give the
primary crosstalk. The total signals on adjacent lines are
presented in Figure (3.7).

Applying Laplace Transform to equations (3.1) - (3.4),

gives the relationship in the form,

d vp

- —— = LS Ipa+ M} S Ip (3.19)
dx
d vp

- — = M] S Ip+ LS Ip (3.20)
dx
d I

- — = CSVpa = Cp1 S Vp (3.21)
dx
d Ip ‘

- — = =Cp1 SVp +CS Vp (3.22)
dx

Differentiating equations (3.19) and (3.20), gives the

following results,

42 vy LSsdIp M sdlIg

- ——5 = —_— + _— (3.23)
dx dx dx
a2 vg a1 a1
A B
- 5 = M S — +Ls— (3.24)
dx dx dx
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(3.21)

Substituting equations (3.23) and (3.24) in equations

and

(3.22), gives the final relationship

physical elements,

and

dz Va

dx2

or

2
dac v

dx2

a2 Vs

dx2

LS [-CSVp+Cp1 S V]

+M] S [ Cpp SVa=-CS Vg ]

- LCs?2vy+ Lcp S2vp

+ Mj Cpp S% Va - My C s2 vg

[ =L C+ M Cpy ] 82 Vy

+ [ -M; C+ LCp ] s?vVp

[ LC=-M Cp ] 5% va

+ [M] C-LcCp ] 82 vp

My S[-CSVpa+Cp1 S VB ]

+ LS [ Chy S VA -CS Vg ]

- My Ccs2 vy + M Cpy S2 Vp

+ L Cpy S2Va - L C s? vg

of these

(3.25)
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= [ M, C+ L Cpy ] S% Va
+ [ -LC+ M Cpp ] s° vp
or
a2 VB
——5 = [MC-LCn ] s2 va
dx

+ [ LC=M Cqy ] S% Vg (3.26)

Applying the even and odd mode theory, gives the

relationship as,

Veven = Va + Vp
Ieven = Ia + I
Vodd = Va - VB
Icda = Ia-1Ip

Adding equation (3.25) to equation (3.26), gives a new

equation as,

a2 va a2 vp
— 4 — = [ LC=M)Cp +LCp ] 8%V
dx? dx?

+ (M C-LCpy +LC=-M Cpp ] S% Vg

[ (L+M ) (C=-Cpy) ] S%vV,

+ [ (L+M ) (C=-Cp1) ] 8S2%vp

[L+M ][ C=-Cp ][ Va+Vg] s?

(3.27)
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or

2
d“ Veven

— = [L+M; ] [C=2Cp ] s? Veven (3.28)
X

Subtracting equation (3.26) from equation (3.25), gives

a new equation as,

d2 Va dz VB

[ LC=-M Cqy =M C+ L Cpy ] S2 vV

dx2 dx2
+ [ M C~-LCpy -LC+ M] Cp1 ] S% Vg
= [ (L+M ) (C+Cp ) 182V
- [ (L-M ) (C+Cp) ] svp
= [L-Mp ][ C+Cn1 ) [Va~-Vg]s?
(3.29)
or 5
d4“ Vegad 5
— = [L=-M ][C+Cp ) S? Voaq (3.30)
X

Rewriting new coefficients for convenience, gives the

equations in the form,

[ (L+M ) (C=Cpy) ]11 =  Keven

[ (L-M3) (C+Cpy) 1% = Kodd

Equation (3.28) and equation (3.30) can be given by,
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a? Veven

> = K2even 52 Veven (3.31)
dx
2
4" Voaa = K2 s v 3.32
odd odd (3.32)
dx?

The voltage solution is of the form,
Veven = E1exp(S Keven X) + Ezexp(-S Keyen X) (3.33)
Voada = E3exp(S Kogq x) + Egexp(-5 Kodq X) (3.34)
where E;, E;, E3, and E4 are the complementary solutions of
second order differential equations.
Differentiating equations (3.33) - (3.34), gives the

equations of the form,

d Veven
— = Ej; exp(S Keyen %) S Keven
dx .
- E2 exp( - S Keven X) S Keven (3.35)
d Vodd
;—— = El exp( S Kodd X ) S Kodd
X

- E2 exp( - S Koad X) S Koad (3.36)
Adding equation (3.19) to equation (3.20), gives a

relationship of voltage in even mode,

. A 2B (L+M) ) S (Ipn+Ip)

or

57



d Veven

dx

Subtracting equation (3.19) and equation (3.20), gives

a relationship of voltage in odd mode,

d Va d Vg

- — g —

(L-M)S (Ip-1Ip)

dx dx
d Vodd .
- — = (L-M) S Iogd (3.38)
dx
_ . 9Veven dVodd _
Substituting — , — of equations (3.35) -
dx dx

(3.36) in equations (3.37) - (3.38), gives the relationship,

-[ Ejexp(S Keven xX) S Keven - Ejexp(-S Keven x) S Keven ]

= (L + M1 ) S Ieyen

-[ Ejexp(S Kodd x) S Kodd - Ejzexp(-S Kodd x) S Kodd ]

= (L -M ) S Ioad

or
Keven
Ieven = [(-E1exp(S Keven X) + E2exp(-S Keven X)]
L + M
(3.39)
, Kodd
Ioga = [-E3exp(S Kogd X) + Egexp(-S Kodgd X )]
L-M
(3.40)
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Va = ( Veven * Voada ) / 2 (3.41)

In = ( Ieven * Iogada ) / 2 (3.43)
I = ( Ieven - Iodd ) / 2 (3.44)

where Vp and Ip are the voltage and the current on the
excitation line, respectively. Vg and Ig are the voltage
and the current on the pick-up line, respectively.

Hence, Vp, Vg, Ip, and Ig can be calculated at any

points of line.

3.3 Characteristic Impedance

The characteristic impedance; Zg is of the form,

(a) even mode, Zge = [ (L + M) / Ce ]11
= [ (L+M) /C]5 (3.45)
(b) odd mode, Zgo = [ (L-M) / Co 1*

= [ (L-M) /Col”

= [ (L-M3) / (C+2¢Cm) 17 (3.46)
3.4 Effective Dielectric Constant
The wave velocity; Vg takes the form,

[1/C (L+M) ]*

(a) even mode, Voe
=(1/Ce (L+M ) 1%
=[(1/C(L+M )%

(b) odd mode, Voo = [1/C (L -M) ]!1
=[1/C (L=-Mp) ]

= [1/ ((C + 2Cm1) (L + Mp) 1°
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The effective dielectric constant; eeff directly

effects the impedance of the circuit which is wused 1in

circuit design to calculate parameters and is of the form,
(a) even mode,

eeff = (light speed in air / VOQ)2

(light speed in air)2 x (C (L + Mp)) (3.47)

(b) odd mode,

ceff

(light speed in air / Vpg)?

(light speed in air)2 (( c+2Cmy) x (L+Mj))
(3.48)
3.5 Maximum Crosstalk
Based on the measurements performed by Catt (1967), his
maximum fast crosstalk can be evaluated as a percentage and
have the same formula as coupling in general applications.

The percentage of maximum crosstalk is of the form,

. 20e =~ 200 .
% of Maximum Crosstalk = X signal x 100 %
Zoge *+ Z0o
(3.49)
where
, Z0e -~ 200
Coupling Factor ( C ) =
Zoe * 200
Z20e -~ 200
= 20 logjg dB
Zoe * 200
(3.50)
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3.6 Computer Simulation

The use of computer analysis and optimization programs
become very important in design and characterization of
circuits of this nature. The capability of some softwares
is very broad and the specific aim of the circuit designer
can be met by solutions already developed. In this work,
the operating frequency is <chosen to be .8 GHz, the
structure has the line length about a quarter wavelength,
1400 mils. The line spacings are taken equal to 10 mils, 50
mils, 200 mils, and 1500 mils. The computer simulation and
computations of the characteristics of the modified model
are presented in Tables (3.1) - (3.4). Maxwell Software is
used to evaluate the inductances and capacitances versus
spacing of the structures as shown in Table (3.1) and Table
(3.2), respectively. Table (3.3) and Table (3.4) summarize
the computed results of characteristic impedance, wave
velocity, effective dielectric constant, and % of maximum
crosstalk with various line spacings. Crosstalk noise can
also change the circuit parameters, such as characteristic
impedance, wave velocity, and effective dielectric constant.
The percentage of maximum crosstalk can be used to determine
the 1level of crosstalk noise. As the crosstalk noise
increases, the spacing decreases, as demonstrated in Tables
(3.3)- (3.4). Also, the crosstalk noise causes an increase

of the characteristic impedance and the effective dielectric
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constant in the case of even mode, but causes a decrease of
these quantities in the case of odd mode. When the
separation of the line is large enough, the percentage of
maximum crosstalk approaches zero. This indicates that the
crosstalk noise does not effect the circuit and the circuit
parameters in even mode and odd mode are the same. Spice
Software is used to simulate the crosstalk noise waveform on
the adjacent 1lines of the «circuits in time domain
measurements. TOUCHSTONE Software is used to achieve this
task in frequency domain measurements. The simulated
results are illustrated in Figures (3.11]) - (3.14) for
frequency domain measurements and in Figures (3.15) - (3.17)
for time domain measurements, respectively. Figures (3.11)
- (3.14) give the maximum crosstalk at .8 GHz which meets
the purpose of the design with a line length equals 1400
mils (equivalent to a quarter wavelength). S21 and S31
represent the near-end and far-end crosstalk components in
frequency domain forms , respectively. Figures (3.15) -
(3.17) provide a good agreement of the analysis results in
Section (3.1). Figure (3.18) summarizes the simulated S21

and S31 at .8 GHz with various spacings.
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3.7 Summary

A physically based model of crosstalk noise in the case
of parallel transmission lines has been introduced. The
analysis of the structures characteristics is carried out by
assuming the propagation to be TEM mode. Characterization
of crosstalk noise along adjacent lines, current - voltage
characteristics, characteristic impedance, effective
dielectric impedance, and maximum crosstalk are performed
analytically. The computer simulation of these parameters
and computations of various electrical parameters in
frequency domain and time domain are also performed. In the
next chapter, an experimental realization of the circuits is
performed. The frequency domain measurements and time
domain measurements are used to acquire the results of these
experimental circuits in order to support the theory and

simulated results.
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Table 3.1 Simulated Results of Inductance and
Mutual Inductance versus Spacing of

the Structure (Using Maxwell Software)

Spacing Inductance Mutual Inductance
S L M1
(Mils) (Henry) (Henry)
10 3.72 x 10”7 1.50 x 10~/
50 3.73 x 10”7 3.77 x 10”8
200 3.78 x 10~/ 5.81 x 102
1500 3.80 x 10~/ 2.62 x 10710
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Table 3.2 Simulated Results of Capacitance and
Mutual Capacitance versus Spacing of

the Structure (Using Maxwell Software)

Spacing Capacitance Mutual Capacitance
S c cml
(Mils) (Farad) (Farad)
10 1.78 x 10~10 5.37 x 10”11
50 1.82 x 10”10 6.71 x 1012
200 1.84 x 10710 2.25 x 10”14
1500 1.85 x 10-10 3.23 x 10”15
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Table 3.3 Computed Results of Characteristic Impedance,

Wave Velocity, Effective Dielectric Constant,

% of Maximum Crosstalk, and Coupling Factor

versus Spacing of The Structure in Even Mode

Case of Even Mode

Spacing

S (mils) 10
Characteristic

Impedance Zgp () 54.15

Wave Velgcity
v ( x 10° m/s) 1.04

Effective Dielectric
Constant €eff 8.36

% of Maximum Crosstalk 32.01

Coupling Factor
C (dB) 9.89

50

47.50

23.30

200

45.67

42.21

1500

45.34

69.03
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Table 3.4 Computed Results of Characteristic Impedance,

Wave Velocity, Effective Dielectric Constant,

% of Maximum Crosstalk, and Coupling Factor

versus Spacing of The Structure in 0dd Mode

Case of 0dd Mode

Spacing

S (mils) 10
Characteristic

Impedance Zg (Q) 27.89

Wave Velgcity
v ( x 10° m/s) 1.26

Effective Dielectric
Constant e€eoff 5.70

% of Maximum Crosstalk 32.01

Coupling Factor
C (dB) 9.89

50

41.42

1.24

23.30

200

44.97

42.21

1500

45.30

69.03
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CHAPTER 4

EXPERIMENTAL REALIZATION AND RESULTS

4.1 Introduction

The actual realization of the structures is performed
using conventional thick film printing technique on alumina
substrates, as well as selective etching of copper-cladded
teflon-ceramic duriod composite substrates from Rogers
Corporation. Measurements are conducted using frequency
domain measurement techniques and time domain measurement

techniques.

4.2 Pabrication Procedure

In this section, the crésstalk noise is observed at a
specific frequency and the wavelength of the line A is
related to frequency as shown below,

wavelength A =300 mm / ( f €ecff )
where f 1is the frequency and ¢€egff is the effective
dielectric constant.

To have a good graphical presentation, the line must be
long enough to satisfy the condition of operating frequency.
From computer simulation results, the maximum crosstalk
occurs at a quarter wavelength of microstrip line at the
operating frequency. In this work, the operating frequency

is selected to be .8 GHz, since the structure has the line
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length about a quarter wavelength, (1400 mils). The
circuits are realized experimentally using conventional
thick film printing technique on alumina substrates in this
chapter. On the other hand, those structures realized using
selective etching of copper cladded teflon-ceramic duriod
composite substrates are used to verify the model, Chapter
5. In this chapter, the thick film process is discussed and
a typical thick film hybrid process flow chart is presented
in Figure (4.1). It includes 1layout and artwork,
preparation of screen, screen printing, drying and firing,

and packaging.

a ) Layout and Artwork

Basically, there are three steps to produce good
microwave artwork: initial drawing, 1layout, and photo
process. The initial drawing is made on special graph
paper. The circuit elements are placed on the center of the
paper. With the drawing completed, the reference in the
lower left corner ( 0,0 ) is established. Everything to the
right will be the X dimension and everything at the top will
be the Y dimension. This will give every point on the
drawing an X and a Y coordinate. In this work, the circuit
drawing is made by hand. The MicroCad Software (CAD) is
used to generate the artwork. The HP plotter is interfaced

with the PC to produce the master layout of the circuit
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drawing using Rubylith. '~ The rubylith, a photographic
masking film, consists of a mylar sheet of ruby color that
can be easily peeled once scribed, with a plastic backing.
A magnification scale 10:1 is used in this case. This
results in very high accuracy and resolution. Then the
photo process is introduced, and the artwork is photoreduced
by placing it on the camera copy board and photographing it
to reduce it to its final size. To make a positive, Kodak
Kodalith Ortho Films (type 3) are placed in the camera with
the emulsion side toward the lens and exposed with the board
lights. The film is then developed. After developing, the
film is placed in the stop bath for 30 seconds and in the
fixer bath for a few minutes. The film is rinsed and then
dried. A Pattern of the experimental circuits is shown in

Figure (4.2)

b ) Screen Preparation

The screen is the most important part of the screen
printing process. It is responsible for the design of the
printed pattern and is also the major part for controlling
the thickness of the film on the substrates. The screen
used in this work is of stainless steel mesh type with a 325
mesh count, which is tightly stretched woven mesh fixed to a
rigid aluminium metal frame. First, the mesh is cleaned in

order to remove dirt, grease, or residue which may result in
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poor adhesion of the stencil. Then, the screen stencil is
formed by exposing a light-sensitive emulsion with the film

to ultraviolet light using the hybrid emulsion type.

¢ ) 8creen Printing

The screen printer is used to hold the screen and the
substrate to be printed in proper relationship while the
paste is forced through the screen onto the substrate using
a squeegee pressure action during the travel. Figure (4.3)
shows a screen printing process schematic, and Figure (4.4)
presents a cross section of the screen during and after
printing. The paste used in this section is Silver (Aqg)
metallization, Dupont 6160 conductor paste. The paste is
applied to the upper surface of the screen and a flexible
squeegee is transversed across the pattern area. The portion
of the squeegee presses the screen into contact with the
substrate surface and forces paste through the open meshes

of the screen.

d ) Drying and Piring

After the paste has been deposited onto the substrate,
the film is allowed to settle to eleminate the mesh
impression. The drying process removes the organic
materials in the paste. This process is carried out in an

oven for 15 minutes at 150 °C. The subsequent firing
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process is used to remove the remaining organic binders, to
develop the electrical properties of the paste compositions,
and to adhere the circuit elements to the substrates. vThe
dried substrates have been fired in a multi-zone moving belt
furnace in which the belt speed and zone temperatures can be
controlled to obtain the proper firing profile for these

films.

e ) Packaging

In digital systems and microwave applications, the
package is an integral part of the overall circuit design
and can mean the difference between a circuit that works and
one that does not work satisfactorily. For example, the
microstrip has a ground plane supporting the dielectric with
air on the top of the circuit while the stripline has a
ground plane both above and below the circuit. Since this
work has been demonstrated in experiments to support the
theory, the substrates after the firing process are ready to
be used. The connectors are connected at the end of each

microstrip line.
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Circuit S Drafting |————on©- g Photo
Design Reduction
Screen bty Screen bt———— ! Cleaning of

Printing Preparation Substrate
l (If Necessary)
Drying Resistor . Attachment of
& Firing Trimming Components
Test s——— Packaging r-———— Wire
Bonding

Figure 4.1 Typical Thick Film Hybrid Process Flow Chart
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Figure 4.2 A Pattern of The Structure
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Figure 4.3 A Screen Printing Process Schematic
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b) After Printing

Figure 4.4 A Cross Section of The Screen,
a) During Printing and,

b) After Printing
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4.3 Prequency Domain Measurement Techniques

4.3.1 Basic Concept

Since voltages and currents cannot be measured directly
at microwave or radio frequencies, the representation of
networks at these frequencies by impedance or admittance
matrix is not a convenient procedure. The quantities,
directly measurable, are transmission and reflection
coefficients. These quantities form the basic concept of
the scattering parameters (S parameters). The major reason
the S parameters are preferred for microwave and radio
circuits characterizing is the ability to measure them in a
match impedance system, in contrast to the short-circuit and
open-circuit types measurements required for the other
network parameters. S parameters represent the relationship
between the incident traveling wave coming toward the
junction, and the reflected traveling wave coming outward
from the junction at the n-th port, defined as follows,

an = Vp* x ( Zop ) ¥
bn = Vp~ x ( Zgn )~

where V¥ and v~ represent incident and reflected waves along
the line at n-th port and Zp is the characteristic impedance
of the line. The quantities ap and b, are linearly related
since the system is assumed to be linear throughout. The

relationship between ap and bp can be written as,
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(bl = (s8] [a]

or

bl = Sllal + Slzaz + Sl3a3 P Sln al
by = S22a] + S22a5 + S23a3 + .c.cicieenans .. + 8S2n aj
bn = Snlal + sn2a2 + Sn333 + ceecerersccscees +* Snn an

and in matrix form as

by S11 Ss12 sS13 .. « +. Sln a
bz 522 522 823 o e . o Szn a2
- - L o - o

The average power flowing into the port n may be
evaluated by using the quantities of ap and bp in the form

of

Vo =Vat + V= = (Zop )¥ x ( ap + by )
In=(Va" +Vn™ ) / 2on
= ( 2Zon ) ¥ x (apn - bp )
and the power flow at the port n can be given by,
P=%Re (Vh In" )
=% Re [ (apap” =byby' ) + (bpap” -byan” )]

=%(anan*-bnbn*)

incident power - reflected power
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For a two-port network, the relationship between b, and
an can be expressed as,
by = Slla; + Sl2ajp
by = S2la; + S22a3

and in matrix form as,

by | s11 s12 a;

by s21 S22 ay

To solve for individual parameters, aj; or a; must be

made equal to zero. The parameters can be written as,

by

S11 = — | a3 = 0 ( output terminated in Zg )
a1
b2

S21 = — | az = 0 ( output terminated in Zg )
a1
by

S12 = — | a; = 0 ( input terminated in Zg )
a2
by :

§22 = — | a; = 0 ( input terminated in Zg )
a2

Figure (4.6) presents S parameters of a two-port

network.
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4.3.2 Bxperimental Techniques

The Hewlett-Packard 8510 (HP 8510) Network Analyzer is
used to acquire the magnitude and phase characteristics of
the quantities in frequency domain measurements. The HP
8510 Network Analyzer system, Figure (4.7), is composed of
four parts: a test signal source (synthesized sweep HP 834x-
series or sweep oscillator HP 835xx-series), test set
(Reflection /Transmission Test Set or S Parameter Test Set
HP 85xx-series), IF detector (HP 85102), and display
processor (HP 85101). During a typical measurement, the
test signal source generates the signal at the range of
frequency between 30 MHz to 26.5 GHz to the specified port.
The test set provides the input/output ports to connect the
device-under-test, signal separation to sample the reference
and test signals, and test signal frequency to 20 MHz
conversion. In IF detector, a harmonic of voltage-tuned
local oscillator (VTO) mixes with the stimulus to produce a
first IF frequency close to 20 MHz. Fine tuning is achieved
by comparing the IF frequency with 20 MHz crystal reference
and sweeping the 1local oscillator to track the stimulus
frequency. The frequency conversion produces an IF
frequency of 100 kHz for application to the detection. With
a fully calibrated system, the IF signal is maintained at

optimum levels for detection over a wide range of operation.
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Figure (4.8) demonstrates S-Paramter Test Set Signal Flow
which shows an automatic selection of S11, S12, S21, S22.
The signal is automatically switched for forward or reverse
measurements. The magnitude and phase of an applied signal
through the device-under-test are measured in terms of S
parameters by <comparing the incident signal to the

transmitted signal (or to the reflected signal).

4.3.3 Test Results

The HP 8510 network analyzer is used to acquire the
characteristics of crosstalk noise in frequency domain
forms. The characteristics can be observed in terms of gain
(dB) and phase changes (angle). The observation of phase
changes 1is inconsiderable but the observation of gain gives
some meaningful results. The crosstalk noise
characteristics in terms of gain, Figures (4.9) - (4.12),
depend on the spacing between the 1lines. As the spacing
increases, the measured S21 and S31 decrease. The measured
S21 and S31 of the circuit with 10 mils spacing are
presented in Figure (4.9). The measured S21 and S31 match
closely the simulated S21 and S31 of Figure (3.13) for a
wideband of frequencies (0.045 GHz - 4.0 GHz). At 0.8 GHz
operating frequency, the measured S21 and S31 provide

matched results as the simulated ones and the measured S21
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gives maximum crosstalk which meet the purpose of the

design.
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Figure 4.6 S-Parameter of A Two Port Network

91



Teallie
10159

101900 &

(Tenuey xazATeuy YI0M3IBN €01S8 dH ‘pIexoed 339TM3H)

wexberq )xoo1d walsAs paryridurs L°v 2anbrd

wstoow |

aazA1euy }Iom3aN 0168 dH 3O

AViaS0 1—

00Kt &

[ AL LA ]

o158 _ SIS - RACH M 0/V0e
woLIN0 2 1—4 % 1t I'Tuu"-’—

[
0o

0V |

RV
i
¥

v aDIe

WILUMIAN0D
orv

Ly o

RIWu Yw
iNd1NO

Nem

| _

nary Wi aam _
e | tu

. |
fo—{ w0130 Sinee

4 [snoecwonus v L
o_{ 10w ’

I R ¥

“’

]

R

e It

92



LA U

of HP 8510 Network Analyzer

4 5y, 5,
¥ vt
)
°1QSH,512
7.7“1
] b !
Saitw, St by, +5,, S
> 5 2 0721722
S . .a2 §..s2 , Test
ExTEnsION '
E 02 15,5, 5y,
r > wrviexcy
[:inuuun ,
MARNONIC !
SUNERATOR :
rvo )} ===
' ]
| &R s, ] -
nev ...A"u___j_)).. W.( ‘Af;t.l V1o ;
' aas ' LA Y 8Ia8 2 '
| : PRE T
]
[ —) Y SENSE
Figure 4.8 S-Parameter Test Set Signal Flow

(Hewlett Packard, HP 8510B Network Analyzer Manual)
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Figure 4.9 Measured S21 and S31 of The Structure,

(Spacing = 10 mils)
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Figure 4.10 Measured S21 and S31 of The Structure,

(Spacing = 50 mils)
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4.4 Time Domain Measurement Techniques

4.4.1 Basic Concept

Time domain measurement techniques can be divided into
two methods, the Time Domain Reflection technique (TDR) and
the Time Domain Transmission technique (TDT). The setup
used for the measurements with the Time Domain Reflection
technique is called the time domain reflection network
analyzer (TDRNA) and that with the Time Domain Transmission
technique is called the time domain transmission network
analyzer (TDTNA). The concept of time domain measurement
techniques is to propagate a train of generated pulses with
adequately fast transition in a reference line and observe
the response waveform. The TDR technique is used to observe
the response or reflected waveform at the network's input
port where the TDT technique is used to observe the response
or transmitted waveform at the network's output port. The
setup of time domain network analyzer consists of a
digitizing oscilloscope interfaced to a data acquisition
system and TDR or TDT unit which has a pulse generator and a
feedthrough sampling head. Since distance 1is related to
time in these techniques, the faster the pulse 1is, the

greater the distance resolution is.
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4.4.2 Experimental Techniques

The relationship between the frequency domain response
and time domain response of any network or device under test
(DUT) can be represented in the term of Fourier Transform.
The time domain measurements of experimental circuits are
used HP 5412 Digitizing Oscilloscope Mainframe. Time domain
measurements in this section 1is used to acquire the
reference and response waveforms needed to evaluate the
integral part of crosstalk noise characteristics. Figure
(4.13) illustrates the setup used in these measurements.
This setup 1is composed of a digitizing oscilloscope
mainframe ( HP 54120 A ), a four channel test set which has
a pulse generator, and a feedthrough sampling head to the
experimental circuits. The pulse generator has a spectral

contents covering the band from DC to 18 GHz.

4.4.3 Test Results
For time domain measurements, the response of signal on
the microstrip line is shown in Figure (4.14) The pulse is
the same at port 1 and port 4, except for the time delay of
the pulse. The crosstalk noise responses at port 2 and port
3 are shown in Figures (4.15) - (4.17) and Figures (4.18) -
(4.20), respectively.
When signal is sent on the main line in the form of

step function as shown in Figure (4.14), the response at the

99



same line gives the same response but the delay time is
included. This delay time can be used to calculate the
line 1length. The crosstalk noise characteristics on the
adjacent lines can be observed and the following conclusions
are drawn.

At the beginning of the adjacent 1line,as shown in
Figures (4.15) - (4.17), characteristics can be classified
into three parts, a small sine wave, a big unit impulse plus
a small sine wave, and a small underdamped wave before it
settles. Based on the proposed theory, these crosstalk
signals consist of three types of signal. The small sine
wave occurs due to the resonance of inductances and
capacitances in the circuit. The big unit impulse is the
primary crosstalk while the underdamped portion represents
the secondary crosstalk. At the end of the adjacent line, as
shown in Figures (4.18) through (4.20), characteristics can
be classified into two parts, a big impulse on the negative
side and a small underdamped wave before it settles. These
crosstalk signals are the same as those at the beginning of
the line but include the loss of line. A big impulse on the
negative side occurs as differential crosstalk and gives the
bigger magnitude while the bandwidth is smaller.

Examining Figures (4.15)-(4.20), the measured waveforms
match the simulated waveforms of Figures (3.15) - (3.17).

As the spacing increases, the size of crosstalk noise
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waveforms decreases. Errors occurring in the fabrication
process can cause some small deviations in the inductance,
mutual inductance, capacitance, and mutual capacitance

values of the actual circuits.
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, Port 1

— Port 4
|
Ch.1l = 80 mVolts/div Offset = 200 mVolts
Ch.4 = 80 mVolts/div Offset = -40.62 mVolts
Timebase = 2.00 ns/div Delay = 16.00 ns

Figure 4.14 Measured Responses at Port 1 and Port 4
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 4.15 Measured Crosstalk Signal at Port 2,

(Spacing = 10 mils)
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Ch.l = 80 mVolts/div Offset =
Ch.4 = 5 mVolts/div Offset =
Timebase = 200 ps/div Delay =

Figure 4.16 Measured Crosstalk Signal

(Spacing = 50 mils)

200.0 mVolts
16.50 mVolts
25.00 ns

at Port 2,
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WM </ N A e N
Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 4.17 Measured Crosstalk Signal at Port 2,

(Spacing = 200 mils)
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iida

Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 4.18 Measured Crosstalk Signal at Port 3,

(Spacing = 10 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 4.19 Measured Crosstalk Signal at Port 3,

(Spacing = 50 mils)
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Ch.1l = 80 mVolts/div Offset =
Ch.4 = 5 mVolts/div Offset =
Timebase = 200 ps/div Delay =

Figure 4.20 Measured Crosstalk Signal

(Spacing = 200 mils)

200.0 mVolts
16.50 mVolts
25.00 ns

at Port 3,
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4.5 summary

The actual realization of the structures is performed
using conventional thick film printing technique on alumina
substrates. The fabrication process is discussed in this
chapter. Measurements are conducted using frequency domain
techniques, and time domain techniques. The HP 8510 network
analyzer is used to acquire the characteristics of crosstalk
noise in frequency domain forms. The measured S21 and S31
match closely the simulated S21 and S31 for a wideband of
frequencies (0.045 GHz - 4.0 GHz). At 0.8 GHz operating
frequency, the measured S21 and S31 are the same as the
simulated ones and the measured S21 gives maximum crosstalk
which meets the purpose of the design. As the spacing
increases, the measured S21 and S31 decrease. The HP 5412
digitizing oscilloscope mainframe is used to acquire the
characteristics of crosstalk noise in time domain forms.
The measured waveforms match the simulated waveforms. As
the spacing ihcreases, the size of crosstalk noise waveforms
decreases. Errors occurring in the fabrication process can
cause some small deviations in inductance, mutual
inductance, capacitance, and mutual capacitance values of
the actual circuits.

The conclusion is that the model matches closely the
experimental data and can give an understanding of crosstalk

noise between adjacent lines in both frequency domain and
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time domain. In the next chapter, the crosstalk noise
considerations to verify the model, such as different line
lengths, different 1loss 1lines, and efficiency test on

striplines are discussed.
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CHAPTER 5

VERIFICATION OF CROSSTALK NOISE MODEL IN SOME ASPECTS

5.1 Different Line Lengths

In some applications, the individual microwave
component has a certain specified range of frequencies over
which it is designed to operate. It does not work properly
beyond this bandwidth. For instance, directional coupler is
used to monitor an output power which is coupled from the
forward power. The directional coupler only works as
designed when power is applied to the proper port. Since
the higher frequency means shorter wavelength, the 1line
length is a factor to determine the operating frequency.
With the same physical model of crosstalk noise, as shown in
Figures (3.4) - (3.5), the 1line 1length can be used to
predict the shape of crosstalk waveform. The bandwidth of
crosstalk waveform depends on the line length. The 1longer

the line is, the larger the bandwidth is.

Verification

The effect of line length is investigated in order to
verify the crosstalk noise model in this section. The
structures have the line length about a quarter wavelength
at the operating frequency. In this work, a set of

different 1line 1lengths having the same 1line width are
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fabricated and tested. The operating frequencies are chosen
to be 4 GHz, .8 GHz and .5 GHz, and the line lengths are
taken equal to 228 mils, 1400 mils, and 2000 nmils,
respectively.

The actual realization of the structures is performed
using selective etching of copper cladded teflon-ceramic
duriod composite substrates from Rogers Corporation. The
fabrication process includes artwork and layout,
photoresist, etching. The artwork and layout procedure is
similar to that 1in previous chapter. In photoresist
process, the substrate needs to be <cleaned and the
photoresist is applied by spinning few drops in order to
evenly spread the photoresist 1layer. After spinning, the
substrate is placed in an oven for drying. Then, the
pattern is exposed on the photoresist side of substrate and
the substrate is developed. The substrate is etched in an
etchant solution. After the etching is completed, the
photoresist can be washed-off using acetone. The substrate
is now completed and ready for use.

Measurements are conducted using the same procedure as
shown in Chapter 4. The experimental results are shown in
Figures (5.1]) - (5.15). Since the maximum crosstalk noise,
maximum magnitudes of S21, can be used to determine the
operating frequency, Figures (5.1) = (5.3) demonstrate that

the experimental circuits are to be operated at .5 GHz, .8
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GHz, and 4 GHz for the line length of 2000 mils, 1400 mils,
and 228 mils, respectively. This criteria meets the purpose
of the design. Figures (5.4)-(5.5), Figures (5.6)-(5.7),
and Figures (5.8)-(5.9) present the near-end crosstalk noise
at port 2 of the circuits with line lengths of 2000 mils,
1400 mils, and 228 mils, respectively. Figures (5.10)-
(5.11), Figures (5.12)-(5.13), and Figures (5.14)-(5.15)
present the far-end crosstalk noise at port 3 of the
circuits with line lengths of 2000 mils, 1400 mils, and 228
mils, respectively. The crosstalk waveforms of the proposed
model can be applied to different 1line 1lengths. The
circuits with the line length of 2000 mils give significant
primary crosstalk as compared -to secondary crosstalk. The
bandwidths are found to be large. The circuits with the
line length of 228 mils give a narrow bandwidth due to short
line 1length. The shape of waveforms is compressed. These
waveforms are similar to those in Chapter 4. As the line

length increases, the crosstalk noise increases.
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Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.4 Measured Crosstalk Signal at Port 2,

(Length = 2000 mils, Spacing = 10 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.5 Measured Crosstalk Signal at Port 2,

(Length 2000 mils, Spacing = 50 mils)
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Ch.l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.6 Measured Crosstalk Signal at Port 2,

(Length = 1400 mils, Spacing = 10 mils)
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Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.7 Measured Crosstalk Signal at Port 2,

(Length = 1400 mils, Spacing = 50 mils)
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Ch.l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = 3.0 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.8 Measured Crosstalk Signal at Port 2,

(Length = 228 mils, Spacing = 10 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 3.0 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.9 Measured Crosstalk Signal at Port 2,

(Length = 228 mils, Spacing = 50 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = -22.0 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.10 Measured Crosstalk Signal at Port 3,

(Length = 2000 mils, Spacing = 10 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = -22.0 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.11 Measured Crosstalk Signal at Port 3,

(Length = 2000 mils, Spacing = 50 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = -22.0 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.12 Measured Crosstalk Signal at Port 3,

(Length = 1400 mils, Spacing = 10 mils)

127



\,‘
Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = =22.0 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.13 Measured Crosstalk Signal at Port 3,

(Length = 1400 mils, Spacing = 50 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 3.0 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.14 Measured Crosstalk Signal at Port 3,

(Length = 228 mils, Spacing = 10 mils)
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Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 3.0 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.15 Measured Crosstalk Signal at Port 3,

(Length = 228 mils, Spacing = 50 mils)
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5.2 Different Loss lines

Metal used in microwave applications must carry high
frequency signal with minimum materials losses as possible.
This metal may be used as a conductor for a circuit. The
value of conductivity is used to indicate how well the
circuit can carry signal or current. For example, the
conductivities of silver, copper, gold, aluminum, and indium
are of the order 6.30 x 10’ mho/meter, 5.85 x 10’ mho/meter,
4.25 x 10’ mho/meter, 3.50 x 10’ mho/meter, 1.11 x 10’
mho/meter, respectively. Silver is the best conductor and
indium 1is the worst selection of these metallizations.

These bulk values are expected to vary in film form.

Verification

The effect of loss lines is investigated in order to
verify the crosstalk noise model in this section. 1In this
work, a set of experimental circuits having the same
geometry is investigated. The line length is taken equal to
1400 mils. The actual realization of the structure is
performed using conventional thick film printing technique
on alumina substrates, as well as selective copper cladded
teflon-ceramic duriod composite substrates. The conductors
for the thick film process are chosen to be DuPont Ag 6160
and DuPont Ag-Pd 6134. The fabrication procedures using

DuPont Ag 6160 and DuPont Ag-Pd 6134 conductors in thick
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film process 1is shown in Chapter 4, while that using
selective etching of copper cladded teflon-ceramic duriod
composite substrates 1is the same procedure as shown 1in
Section 5.1. Measurements are conducted using frequency
domain techniques and time domain techniques. The
experimental results are shown in Figures (5.16) - (5.27).
Figures (5.16) - (5.18) are shown the measured S21 of the
circuits using Dupont Ag 6160 conductor, Dupont Ag-Pd 6134
conductor, copper cladded teflon-ceramic duriod composite
substrates, respectively. Figures (5.19) - (5.21) show the
measured S31 of those cases. Results show that the 1lines
with different conductivity do not affect the crosstalk
noise 1in the range of operation. In time domain
measurements, the crosstalk noise waveforms are the same for
all experimental circuits in this section. Figures (5.22) -
(5.27) show the results of the crosstalk noise waveforms
from the circuits made of Dupont Ag-Pd 6134 conductor where
those from the circuits made of Dupont Ag 6160 are presented
in Chapter 4 and those from the circuits made of copper
cladded teflon-ceramic are presented in Section 5.1. Figure
(5.28) Summarizes the measured S21 and S31 6f the lines with
different loss at operating frequency .8 GHz.

The conclusion is that the lines with different loss do

not affect the crosstalk noise in the range of operation.
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Figure 5.16 Measured S21 of The Structures,

(Made of Dupont Ag 6160 Conductor)
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Figure 5.18 Measured S21 of The Structures,
(Made of Copper Cladded Teflon-Ceramic

Composites Duriod 6010)
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(Made of Dupont Ag 6160 Conductor)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.22 Measured Crosstalk Signal at Port 2 of
The Structure, (Made of Dupont Ag-Pd 6134

Conductor, Spacing = 10 mils)

139



AR
SEsE S : VY™

Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.23 Measured Crosstalk Signal at Port 2 of
The Structure, (Made of Dupont Ag-Pd 6134

Conductor, Spacing = 50 mils)
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Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.24 Measured Crosstalk Signal at Port 2 of
The Structure, (Made of Dupont Ag-Pd 6134

Conductor, Spacing = 200 mils)
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Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = -22.0 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.25 Measured Crosstalk Signal at Port 3 of
The Structure, (Made of Dupont Ag-Pd 6134

Conductor, Spacing = 10 mils)
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Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = =22.0 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.26 Measured Crosstalk Signal at Port 3 of
The Structure, (Made of Dupont Ag-Pd 6134

Conductor, Spacing = 50 mils)

143



Ch.1 = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 10 mVolts/div Offset = -22.0 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.27 Measured Crosstalk Signal at Port 3 of
The Structure, (Made of Dupont Ag-Pd 6134

Conductor, Spacing = 200 mils)
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5.3 Efficiency Test on S8triplines

The mode of propagation along a stripline is transverse
electromagnetic (TEM), where a pure TEM mode cannot
propagate in a microstrip line as shown in Chapter 2. Since
one of the most wuseful and widely applied stripline
structure is the quarter-wave parallel coupled 1line, the
purpose of this section is to test efficiency of this

crosstalk noise model on stripline structures.

Verification

The 1line 1length is chosen to be 1400 mils. The
materials used in this section is copper cladded teflon-
ceramic duriod composite substrates. The fabrications of
microstrip line circuits are made in Section 5.1. The
results of measurements are shown in Section 5.1. 1In order
to test efficiency of the model on stripline structures, the
stripline circuits need to be fabricated. To obtain the
stripline geometry, two laminates are used. The laminate A
is the microstrip line circuit, used in Section 5.1, which
is completely metallized on the bottom side and has two
microstrip lines on the other side. The laminate B is
metallized on the top and is clear of any metal on the
bottom side. Both laminates are clamped together tightly

for the stripline configuration.
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To confirm the measurements results, Touchtone Software
is used to simulate data related to frequency domain
responses as shown in Figures (5.29)-(5.30). Because the
mode of propagation along a stripline 1is transverse
electromagnetic (TEM), the simulated frequency response at
port 2, S21, has the same shape as those of port 3, S31.
The magnitudes of S31 is less than those of S21 due to the
loss. Figures (5.31) and (5.32) present the results of
measured S21 and S31 of stripline circuits. The measurement
results are close to the simulated ones of Figure (5.29) and
(5.30). Comparing to the measurement results of microstrip
line «circuits in Figure (5.18)-(5.19), the frequency
response of crosstalk noise in stripline structure is much
less than in microstrip 'structure. At the operating
frequency of .8 GHz, microstrip line circuits with spacing
10 mils and 50 mils give crosstalk noise, S21, more than
those of stripline circuits 6 db and 12 dB, respectively.
S31 cannot be compared with each other, due to the
different mode of propagation. Since the mode of
propagation along a stripline is TEM, the measured S21 and
S31 have the same shape of response. Figures (5.33) -
(5.36) present the crosstalk noise waveforms of stripline
circuits in time domain measurements. Compared to those of
microstrip line in Figures (5.5)-(5.6) and Figures (5.12)-

(5.13), the crosstalk noise waveforms of stripline circuits
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are much smaller than those of microstip circuits and cannot
be observed in the circuits with 50 mils spacing. The time
domain waveforms at port 2 and port 3 have the same shape.
This supports the results in frequency domain measurements
that the mode of propagation in stripline structure is TEM.
Since our crosstalk noise model is assumed the mode of

propagation to be TEM mode in microstip line structure, the

model gives a good agreement in stripline structure. One
point to observe in Figures (5.33) - (5.36), the response in
channel 1 1is 1less than normal. It 1is due to the

characteristic impedance of stripline circuit is less than
that of microstrip circuit which 1is designed to be
approximately 50 ohms. Figure (5.37) summarizes the
simulated and measured S21 and S31 at operating frequency,
.8 GHz.

Based on the simulation and measurements results, we
can conclude that the model gives a good agreement for

stripline structures.

148



10 -
e
-~ 0
]
(Va)
-1 O e eome e mamrar gt annes e eeee i ———— —
< s21
N R . -— R C L .
_m ----- -.._.. . . . . . .-. . . .
2 ) mm" g e e -
g. 3 ve o
—40
&
DT T T T T T T T T T T T T T T T T T T 1
Q2 06 1 14 18 22 26 3 34 38
Q4 08 12 16 2 24 28 32 36 4
Frequency (GHz)

Figure 5.29 Simulated S21 and S31 of The Stripline

Structure, (Spacing = 10 mils)
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Figure 5.30 Simulated S21 and S31 of The Stripline

Structure, (Spacing = 50 mils)
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Figure 5.32 Measured S21 and S31 of The Stripline
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152



PVt . . e,
A I /w \
[
/

) —
A Sl
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Timebase = 200 ps/div Delay 24.57 ns

Figure 5.33 Measured Crosstalk Signal at Port 2 of The

Stripline Structure, (Spacing = 10 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.34 Measured Crosstalk Signal at Port 2 of The

Stripline Structure, (Spacing = 50 mils)
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Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 25.00 ns

Figure 5.35 Measured Crosstalk Signal at Port 3 of The

Stripline Structure, (Spacing = 10 mils)
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Ch.1l = 80 mVolts/div Offset = 200.0 mVolts
Ch.4 = 5 mVolts/div Offset = 16.50 mVolts
Timebase = 200 ps/div Delay = 24.57 ns

Figure 5.36 Measured Crosstalk Signal at Port 3 of The

Stripline Structure, (Spacing = 50 mils)
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5.4 Summary

To confirm the model, the verifications model of
crosstalk noise in some aspects such as, different 1line
length, various metallization types, and efficiency test on
striplines are presented. The results show that the model
is suitable to these criterions. The model matches closely
the experimental data in both the time domain and the
frequency domain using time domain and frequency domain

measurement techniques, respectively.
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CHAPTER 6

CONCLUSION

The objective of this dissertation was to characterize
the crosstalk noise based on the theory of coupled
microstrip lines. A review covering the development of the
techniques used to characterize and model crosstalk noise
was discussed in Chapter 2. The theoretical background
needed to develop crosstalk noise equivalent circuit model
was included. An equivalent circuit model used in this work
comprised of the addition of inductances and capacitances to
the fundamental transmission line model. The analysis of
the 1lines characteristics was carried out, assuming the
propagation mode to be TEM mode. Characterization of
crosstalk noise along adjacent lines, current-voltage
characteristics, characteristic impedance, effective
dielectric impedance, and maximum crosstalk was performed
analytically. Computer simulation and computations of
these parameters were also performed. MAXWELL Software was
used to simulate data of physically based equivalent circuit
model. The data was used to determine the characterization
of crosstalk noise. TOUCHSTONE Software was used to simulate
the data on crosstalk noise on adjacent lines in frequency
domain, where SPICE Software was used to simulate the data

in time domain. The circuits were also realized

159



experimentally using both conventional thick film printing
technique on alumina substrates, as well as selective
etching of copper-cladded teflon-ceramic duriod composite
substrates. An investigation of the crosstalk noise in both
the frequency domain and the time domain using various
measurement techniques was performed. The results
illustrated that the computation matches closely the
experimental data.

The HP 8510 network analyzer was used to acquire the
characteristics of crosstalk noise in frequency domain
forms. The measured S21 and S31 match closely the simulated
S21 and S31. At the operating frequency, the measured S21
and S31 were the same as the sinulated ones and the measured
S21 gave maximum crosstalk which met the purpose of the
design. As spacing increased, the measured S21 and S31
decreased.

The HP 5412 digitizing oscilloscope mainframe was used
to acquire the characteristics of crosstalk noise in time
domain forms. The measured waveforms of near-end and far-
end crosstalk noise matched the simulated waveforms. As the
spacing increased, the size of crosstalk noise waveforms
decreased. Variabilify encountered in the fabrication
process can cause some small deviations in the inductance,
mutual inductance, capacitance, and mutual capacitance

values of the actual circuits.
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Verifications model of crosstalk noise in some aspects,
such as, different line length, various metallizations, and
efficiency test on striplines were also presented. The
results showed that the model was suitable to meet the
specified criteria. The model closely matched the
experimental data in both time domain and frequency domain.
The 1line 1length was used to determine the operating
frequency. As the line length increased, the bandwidth of
crosstalk noise waveforms increased. The various
metallizations gave no difference at this operating
frequency of 0.8 GHz. The model can also be applied to the
stripline structure since the propagation mode on stripline
structure was TEM.

It is concluded that the computation of the equivalent
circuit model used in this work can successfully represent
crosstalk noise on adjacent lines and explains the physical

phenomena better.
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Appendix I

Program for Microstrip Line Computations
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C
C
C
C
C
C
C
C
C
C
C
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REAL

R

INTEG
CHARA

PI =

WRITE
WRITE
READ

OPEN
WRITE
READ
OPEN

WRITE
READ
WRITE
READ
WRITE
&
READ
WRITE
&
WRITE

READ

¥ J Jo Je Je ke de Je K e Je Je Jo K e ded Je de de e ke ke e dode de ke de ke ke ke de ke e de he ke ok ok ok ok ok ok kk

MICROSTRIP
CHARACTERISTICS

J¢ Je Je Je e de Jo Je de Je Je Je ok e de Je de de de Je e de de Je de ok de de e K de Je Ko de Je K de de ke deJe Kk Kk

Z0,Er,Eeff,EeffT,EeffF,E1l, ERR, ERROR,
F(1000) ,W(1000) ,WH(1000) ,We,

STARTF, STOPF, STEPF, STARTW, STOPW, STEPW,
SUMF, SUMW,H, SCALE, TBAR, T1,T2,FT1,FT2,
FTBAR, LENGTH, LAMDA

ER I,J,NF,NW
CTER*80 FILEIN, FILEOUT

3.14159265
, * ) '’ PROCEDURE OF CALCULATION '

, * ) ’ ENTER FILENAME FOR INPUT: '’
, '"(A)’ ) FILEIN

* % %

(
(
(

UNIT = 1, FILE = FILEIN )

*, * ) ¢ ENTER FILENAME FOR OUTPUT: '
*, '(A)’ ) FILEOUT

UNIT = 6, FILE = FILEOUT )

L Y e R

) ’ENTER SCALE FOR ERROR CORRECTION '’
) SCALE

o~
= ¥
- =
* »

*, * )’ENTER CHARACTERISTIC IMPEDANCE (ZO0)~’

) 20

L) LY -~
»
-
*»

*, * ) / ENTER RELATIVE DIELECTRIC CONSTANT
(Er) '
(1, *) Er

( *, * ) ’ ENTER FREQUENCY RANGE
IN THIS CALCULATION (<1000):°’

( *, * ) ’ START STOP STEP FREQUENCIES
IN GHZ (F)’

( 1, * ) STARTF,STOPF,STEPF
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&

&

WRITE ( *, * ) / ENTER WIDTH OF MICROSTRIP LINE

(<1000) ¢’

WRITE ( *, * ) ’/ START STOP STEP WIDTH IN MIL (W)’

RE

AD ( 1, * ) STARTW,STOPW,STEPW

WRITE ( *, * )’ ENTER THICKNESS OF MICROSTRIP LINE’

WRITE ( *, * ) ‘/ ACCEPTABLE RANGE AND % OF ERROR ’
WRITE ( *, * ) ’/ IN MIL (T1,T2) AND ERROR

( eg. 0.0000001 )’

READ (1, * ) T1,T2,ERR
H = 25.
We = 100.
WRITE ( 6, * ) ' MICROSTRIP CHARACTERISTICS '
WRITE ( 6, * )
WRITE ( 6, * ) ’CHARACTERISTIC IMPEDANCE (20) =’,20
WRITE ( 6, * ) ‘RELATIVE DIELECTRIC CONSTANT

( Er ) =’,Er
WRITE ( 6, * ) ‘THICKNESS OF MICROSTRIP LINE

( H) IN MIL =/,H

WRITE ( 6, * ) ’'ACCEPTABLE RANGE OF METAL THICKNESS

& ( T ) IN MIL’, ’/ AND % OF ERROR'
WRITE ( 6, * ) T1, T2, ERR
WRITE ( 6, * )
WRITE ( 6, * )
C..Il............'.....'........l...'.'.lOIMAIN PROGRAM
NF = ( STOPF - STARTF ) / STEPF + 1
NW = ( STOPW - STARTW ) / STEPW + 1
SUMW = STARTW
DO 10 I =1 , NW
WRITE ( 6, 100 )
100 FORMAT (’FREQUENCY’,’ W, T 7,
& ’ W/H r, ! EeffF /,
& ' LAMDA /,’ LENGTH')
WRITE ( 6, 200 )
200 FORMAT ('’ GH2 ’r,! MIL .,/ MIL 7/,
& ’ ', ’, MIL ’,
& ’ MIL’)
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IF

SUMW

.......................... BEGIN CALCULATION
..................... FIND Eeff FROM Er AND ZO
(W (I) .LT. We ) THEN

El = ( Er + 1.0 ) / 2.0

Eeff = E1 * ((1. + 29.98 / Z0 * SQRT (1 / E1 )
* (Er - 1.) / ( 2. * E1 ) * (LOG ( PI /
2.) + LOG ( 4. / PI ) / Er ) ) ) ** 2

...................... FIND EFFECTIVE WIDTH

IF ( WH (I) .LT. 1.0 ) THEN

Cl = 20 * SQRT ( Eeff ) / 60.

B = 4 * EXP ( Cl)

c = 32.

We = H* (B - SQRT ( B**2 = 4*C ) ) / 2.
ELSE

C2 = 120. * PI / (Z0 * SQRT (Eeff ) )

C3 = 1.393 + ( .667 * 1.444 )

We =H* (C2=-C3) / 1.667
END IF

....................... EFFECT OF THICKNESS
CALL THICKNESS ( T, W(I),We,T1,T2 ,ERR, SCALE)

Edel = ( Er-1.) * T / ( H * 4.6 * SQRT( W(I)

/ H) )
EeffT = Eeff - Edel
WRITE ( 6, * ) '’ We = ' ,We
WRITE ( 6, * ) ’ Eeff = '’ ,Eeff
WRITE ( 6, * ) ’/ Edel = '’ ,Edel
WRITE ( 6, * ) ’ EeffT = '’ ,EeffT

EFFECT OF DISPERSION (FREQUENCY) ON ERE AND ZO
SUMF = STARTF

DO 20 J = 1,NF
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F(J) = SUMF
Hl =H * 2.54 / 100
EeffF = Er - ( ( Er - EeffT ) /
& (1.0 + ( H1 / 20 )*%1.33 * ( .43 *
& F (J )**2 = 009 * F (J )**3 )) )
LAMDA = 3.0E4 / ( 2.54 * F ( J )
& * SQRT ( EeffF ) )
LENGTH = LAMDA / 4.0
WRITE ( 6, 300 ) F(J),W(I),T,WH(I),
& EeffF, LAMDA, LENGTH
300 FORMAT ( F6.2,2%x,F7.3,2%,F10.9,2X,F5.3,4x,
& F6.3,4X,F8.3,4X,F8.3)
SUMF = SUMF + STEPF
20 CONTINUE
WRITE ( 6,%)
ELSE
WRITE ( 6, * ) ’ NO SOLUTION DUE TO W > We '
GO TO 999
END IF
SUMW = SUMW + STEPW
10 CONTINUE
CLOSE (1)
CLOSE (6)
999 END
Ceeecooososossascsscsssccssccsassascse THICKNESS CALCULATION

SUBROUTINE THICKNESS (T, WSUB, We,T1,T2,ERR, SCALE)

PI = 3.14159265
TL = Tl
TR = T2

ERROR = ( T2 - T1 ) * ERR

1 TBAR = ( TL + TR ) / 2.
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IF ( ( TR - TL ) .GT. ERROR ) THEN

FTL = F ( TL, WSUB, We )
FTBAR = F ( TBAR, WSUB, We )

IF ( ABS ( FTBAR ) .GT. SCALE * ERROR ) THEN
IF ( ( FTL * FTBAR ) .GT. O. ) THEN
TL = TBAR
ELSE
TR = TBAR

END IF
GO TO 1

ELSE

T = TBAR
GO TO 33

. END IF

ELSE
WRITE ( 6, * ) ’NO SOLUTION FOUND’

33 END IF
END
FUNCTION F ( X, Wsub, We )

PI
H

3.14159265
25.

IF (WH .LT. ( 1/ (2 * PI ) ) ) THEN

F=(We -Wsub) *PI / (1.25 * X )

& - 10G (4 * PI * Wsub / X ) - 1.
ELSE
F=(We-Wsub) *PI / (1.25 * X )
& -10G (2 *H,/ X ) - 1.
END IF
RETURN
END
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Appendix II

Program for Coupled Microstrip Lines Computations
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RO

Effects of Strip Thickness, Width, Frequency

and
Crosstalk
Between

Microstrip Lines

J Je Jk Je & Je d e de Je ke e Je de de e de de g de de e de K de de ke de K de ke dede ke de K de dede ko ok kk ko k kkkk

REAL Z0,Er,H,T,

F(1000),W(1000),S(1000),WH(1000),We,

STARTF, STOPF, STEPF, SUMF,
STARTW, STOPW, STEPW, SUMW,
STARTS, STOPS, STEPS, SUMS,

EO,HALFPI,DELW,CONST1,Eeff,EeffA,WTO,WTE,
Z00,Z0E,Z0F0, Z0FE, 20S0, Z0SE,Eeff0,EeffE,
EeffFO,EeffFE,GO,GE, FPO,FPE,CO,CE,COA, CEA

INTEGER 1I,J,K,NF,NW,NS
CHARACTER*80 FILEIN, FILEOUT

PI = 3.14159265
EO=(1/ ( 36. * PI) ) * 10E-9

C = 3. E+08

WRITE ( *, * ) ’ ENTER INPUT FILE
READ ( *, ’(A)’ ) FILEIN

OPEN ( UNIT = 1, FILE = FILEIN )
WRITE ( *, * ) ’ ENTER OUTPUT FILE
READ ( *, ’(A)’ ) FILEOUT

OPEN ( UNIT = 6, FILE = FILEOUT )

HALFPI =1/ ( 2 * PI )
ErA = 1.0
EeffA = 1.0

READ ( 1, * ) ZO
READ ( 1, * ) Er

READ ( 1, * ) H

READ (1, * ) T

READ ( 1, * ) STARTW,STOPW,STEPW
READ ( 1, * ) STARTS,STOPS,STEPS
READ ( 1, * ) STARTF,STOPF,STEPF
WRITE ( 6, * ) * 20 (ohm ) = ’, Z0
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WRITE ( 6, * ) ’ Er = ', Er

WRITE (6, * ) 'H (mil ) ="', H

WRITE (6, * ) T (mil ) ="', T

WRITE ( 6, * )

WRITE ( 6, * )
C.‘...........O.....I-...Il...lBegin Calculation

SUMW = STARTW

NF = ( STOPF - STARTF ) / STEPF + 1

NW = ( STOPW - STARTW ) / STEPW + 1

NS = ( STOPS - STARTS ) / STEPS + 1

DO 10 I =1 , NW
W (I) = SUMW
WH (I) =W (I) / H
SUMS = STARTS
DO 15 K= 1 , NS

S ( K) = SUMS
IF ( WH (I) .LT. HALFPI ) THEN

DELW = ( 1.25 * T/ PI )
& *# (1. + LOG ( 4. * PT * W(I) / T ))
ELSE
DELW = ( 1.25 * T/ PI )
& * (1. +10G (2. *H/ T) )
END IF

We = W(I) + DELW
IF ( WH (I) .LT. 1.0 ) THEN

CONST1 = ( 60./ 20 ) * LOG ( (8.* H / We)
& + (.25 * We / H) )

ELSE

CONST1

376.7 / (20 * ( ( We / H)
+ 1.393 + ( .667

& * LOG (We / H + 1.444 ) ) ) )
END IF
Eeff = CONST1%%2
DELT = H * T / ( Er * S(K) )
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WTE

WTO =

CALL CAPA ( CO, CE, Er,

W(I) + DELW * ( 1.

* DELW / DELT ) )
WTE + DELT

CALL CAPA (

H, Z0 )
200 =1/ (C * SQRT ( CO * COA ) )
ZOE =1/ ( C * SQRT ( CE * CEA ) )
EeffO = CO / COA
EeffE = CE / CEA
WRITE ( 6, * ) ' W = ', W(I)
WRITE ( 6, * ) ’ S = ', S(K)
WRITE ( 6, * ) ’ Effects Of Strip Thickness’
,’and width’
WRITE ( 6, * ) ’/ ODD Eeff = ’, EeffO
WRITE ( 6, * ) ’ EVEN Eeff = ’, EeffE
WRITE ( 6, * ) / ODD ZO ="', Z00
WRITE ( 6, * ) ’ EVEN 20 =/, ZOE
WRITE ( 6, * )
WRITE ( 6, * ) ’Including Effects Of Frequency’
,’ and Crosstalk’
WRITE ( 6, * )
WRITE ( 6, 100)
FORMAT ('’ Freq’,’ Eeff ’,
’ Z0 (Ohm) Net Z0’/,
’ Crosstalk /)
WRITE ( 6, 200)
FORMAT (’ GHz ’,’ 0odd Even /,
’ odd Even (ohm) /,
’ Unit dB /)
WRITE ( 6, * )
SUMF = STARTF
DO 20 J = 1,NF
F(J) = SUMF
GO = .6 + .018 * Z0O
GE = .6 + .0045 * ZOE
FPO = 31.32 * 200 / H
FPE = 7.83 * ZOE / H
EeffFO = Er - ( Er - Eeff0 )

/ ( 1+ GO * (F(J)/FPO)**2 )

COA, CEA, ErA, EeffA, W(I),

- 0.5 * EXP ( -.69

Eeff, W(I),S(K),H, 2o

S(K),

)

184



300

20

15

10

999

EeffFE = Er - ( Er - EeffE )

& / ( 1+ GE * (F(J)/FPE)**2 )

CALL CSTRIP ( Z0SO, ZOSE, W(I), S(K), H, Er )

ZOFO = 2Z0SO - (20S0 =-2Z00)

& / (1 + GO * ((F(J) /FPO)**1.6 ))
ZOFE = Z0SE - (20SE -ZOE)

& / (1 + GE * ((F(J) /FPE)**1.6 ))

ZOF = SQRT ( ZOFO * ZOFE )
CTK = ( ZOFE - ZOFO ) / ( ZOFE + ZOFO )
CTKDB = 20. * LOG1l0 ( CTK )

WRITE ( 6,300 ) F(J),EeffFO,EeffFE,Z20F0,Z0FE,

& ZOF,CTK, CTKDB
FORMAT ( F5.2,2x,F6.3,2X,F6.3,2X,

& F6.3,2x,F7.3,

& 2X,F7.3,2X,F6.3,2X,F7.3)

SUMF = SUMF + STEPF
CONTINUE

- WRITE ( 6,%*)

SUMS = SUMS + STEPS
CONTINUE

SUMW = SUMW + STEPW
CONTINUE

CLOSE (1)
CLOSE (6)

END

Ceceeecsnensseessesnses Capacitance Model Calculation

SUBROUTINE CAPA ( CO, CE, Er, Ere, W, S, H, 20 )

PI = 3.14159265

EO=(1/ ( 36. * PI) ) * 10E-9

C = 3. * 10E8

CP = EO*Er * W/H

CF=.5%* (SQRT (Ere ) / (C * Z0 ) - CP )

CFF = (. CF* SQRT (Er/Ere) )

/ (1. + EXP ( -.1 * EXP (2.33 =-2.53*W/H ))
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& * (H/ S )* TANH ( 10.* S / H ) )

CGD = ( EO * Er / PI ) * LOG ( 1/ TANH ( PI* S

& / (4. * H) )
& + .65 * CF * ( (.02 * SQRT (Er) / (S/H) )
& + 1. = 1/Er**2 ) )

Z2=S/(S+2. *W)
ZZ = SQRT ( 1. = 2*Z )
222 = F (2,22 )

CGA = EO / 222

CE
co

CP + CF + CFF
CP + CF + CGA + CGD

RETURN

END

......... ....Impedance Of Coupled Striplines Calculation
SUBROUTINE CSTRIP ( 20SO, ZOSE, W, S, H, Er )

PI 3.14159265

YE = TANH ( PI * W / (4*H) )
& * TANH ( PI * ( WS ) / (4% H ))

YO = TANH ( PI * W / (4*H) )
& / TANH ( PI * ( W+S ) / (4* H ))

YYE

SQRT ( 1. - YE**2 )
YYO 1.

SQRT ( = YO**2 )

YYYE
YYYO

F ( YE, YYE )
F ( YO, YYO )

20S0
Z0SE

30. * PI / ( YYYO * SQRT ( Er ) )
30. * PI / ( YYYE * SQRT ( Er ) )

RETURN
END

FUNCTION F ( Z, ZZ )

PI = 3.14159265
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IF ( Z .LT. .7 ) THEN
F =PI/ LOG ( 2.* ( 1. + SQRT (2Z) )
/ ( l.- SQRT(ZZ) ))
ELSE

F=10G (2 * (1. + SQRT (2Z) )
/ ( 1.=- SQRT (Z) )) / PI
END IF
RETURN

END
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Appendix III

A Program for Crosstalk Noise Computations
( Microstrip circuit )

Using TOUCHSTONE Software
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Al0.CKT

Crosstalk Study
Ideal Case

Spacing = 10 mils

50 ohm Lines

Coupled Microstrip Lines Model

M

FREQ GHZ
RES OH
IND NH
CAP PF
LNG MIL
TIME PS
COND /OH
ANG DEG

CKT
MSUB ER=9.8 H=25 T=.6 RHO=1 RGH=0
MCLIN 1 2 3 4 W=24 S=10 L=1400
DEF4P 1 2 3 4 TSMCLIN

FREQ
SWEEP 0.2 18.0 0.2

ouT
TSMCLIN DB[S21] GR1
TSMCLIN DB[S31] GR1
TSMCLIN MAG[S21] GR2
TSMCLIN ANG[S21] GR3
TSMCLIN MAG[S31] GR2
TSMCLIN ANG[S31] GR3

GRID
RANGE 0 10 1
GR1l 50 -100 -20
GR2 01 .2
GR3 -180 180 45

!
!
!
!
]
!
!
!
! Actual Lines Length = 1400 mils
[}
!
!
D
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Appendix IV

A Program for Crosstalk Noise Computations
( Microstrip circuit )

Using SPICE Software
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VSW 23 0 PULSE(OV .2V 0 O O 4nS)

R1

.S

.E

X1
X2
X3
X4
X5
X6
X7
X8
X9
X1

R2
R3
R4

1 23 50

UBCKT CRX 31 32 33 34
LA 31 35 .00132639uH
RA 35 34 .1778chm

CA 35 0 .65430pF

LB 32 36 .00132639uH
RB 36 33 .1778chm
CB 36 0 .65430pF

CM 35 36 .0238676pF
K LA LB .10
NDS

1 2 21 22 CRX

22 21 5 6 CRX

6 5 7 8 CRX

8 7 9 10 CRX

10 9 11 12 CRX

12 11 13 14 CRX

14 13 15 16 CRX

16 15 17 18 CRX

18 17 19 20 CRX
0 20 19 3 4 CRX

2 0 50
3 0 50
4 0 50

.TRAN 0.1nS 2nS
.PROBE V(2) V(3)

.E

ND
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Appendix V

A Program for Crosstalk Noise Computations
( Stripline circuit )

Using TOUCHSTONE Software
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C10.CKT
Teflon - Ceramic Copper Claded
Stripline Circuit

Crosstalk Study
Ideal Case

Actual Lines Length = 1400 mils

!
!
!
!
!
!
!
!
!
! Spacing = 10 mils
1
;
!
! Coupled Striplines Model
[}

DIM

FREQ GH2Z

RES OH

IND NH

CAP PF

LNG MIL

TIME PS

COND /OH

ANG DEG

CKT
SSUB ER=10.5 B=50 T=1.5 RHO=1
SCLIN 1 2 3 4 W=24 S=10 L=1400
DEF4P 1 2 3 4 TSSCLIN

FREQ
SWEEP 0.2 18.0 0.2

OuUT
TSSCLIN DB([S21] GR1
TSSCLIN DB[S31] GR1
TSSCLIN MAG[S21] GR2
TSSCLIN ANG[S21] GR3
TSSCLIN MAG[S31] GR2
TSSCLIN ANG[S31] GR3

GRID
RANGE 0 10 1
GR1 50 =100 -20
GR2 01 .2
GR3 -180 180 45
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