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(ABSTRACT)

Electrical crosstalk is becoming increasingly important as size shrinks and
component densities increase in hybrid circuits. This occurs especially in multilayer
thick film circuits. Crosstalk studies at high frequencies apply transverse
electromagnetic (TEM) or quasi-TEM mode. However, the TEM mode theory is
not applicable at low frequencies and low frequency-crosstalk is still a concern for
circuit designers.

In this research, crosstalk equations were derived in a simpler way, which can
be used for low frequency applications such as automotive electronics. Test patterns
were designed in both single and multilayer substrates in order to study crosstalk
parameters such as line separation, line width, ground distance, ground type, and
multilayer thickness. The mutual inductance and the mutual capacitance were
calculated in order to use them in predicting crosstalk for particular transmission line
geometrical structures. A conventional technique was used for the mutual
inductance, and a new conformal mapping technique was developed for the mutual
capacitance.

Frequency dependence of crosstalk was confirmed by the equations developed.
There is good agreement between the experimental mutual inductance and mutual
capacitance and the calculated values. Finally, crosstalk prediction ( simulated by
combining crosstalk equations with calculated mutual parameters ) fits well with the

measured values.
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Chapter 1

Introduction

Recent trends in electronic systems are related to the reduction of device size
combined with increased complexity in terms of the number of components as well
as their function. This is the same trend found in thick film technology. Higher
circuit densities can be achieved by using a multilayer system in combination with
thick film devices. The simplest multilayer can be made by printing and firing
dielectric layers sequentially. = However, this multiple firing leads to imprecise
dielectric thickness control and, above all, the number of layers is limited because
conductor properties such as conductivity change after multiple firings. In order to
improve these two problems, co-fired Al,O, processing was developed. In this
processing, circuits are printed on each alumina substrate separately, and then layers
are collated, laminated, and co-fired. This technique gives high print resolution,
good dielectric thickness control, surface smoothness, and an unlimited number of

layers. Unfortunately, the process requires a high firing temperature, so that only

modest conductivity metals such as W and Mo/Mn can be used.

One state-of-the-art multilayer system which combines the positive advantages
of the above two processes is low temperature co-fired Green Tape™. In this
technique, green dielectric tape, used for each separate layer, can be fired at a low
firing temperature (850°C). This Green Tape™ shrinks in three dimensions after
firing. Fortunately, however, since the shrinkage tolerance is relatively small
(12.0£0.2%), such shrinkage can be taken into account in circuit designl'l. Another

green tape system is called Tape-On-Substrate™ (TOS), in which green tape is

1



Introduction

laminated onto an alumina substrate and fired. Each TOS substrate is fired
separately. Even though relatively few layers are fabricated in this technique, it
shows shrinkage in the z-direction only and dielectric thickness is still easily controlled
(2.7 pm after firing)[!l.

While these multilayer systems may guarantee high circuit density, they do
have potential problems such as low heat dissipation, and electrical crosstalk. When
a heat source exists somewhere in the multilayer ceramic, heat dissipation is difficult
because the source is surrounded by bulky ceramic. Crosstalk, a form of signal
interference, occurs between adjacent transmission lines due to the close conducting
line separation in complex circuits. When a transmission line exists close to another
line, the second line can pick up a signal from the first due to the mutual capacitance
and mutual inductance that exists between them. -~ This induced current signal may
result in the circuit malfunctioning, especially in digital circuits. = The Federal
Communications Commission (FCC) Rules and Regulations (Part 15, Subpart J)
requires of any commercial product marketed in the United States that "generates
and uses timing signals or pulses at a rate in excess of 10,000 pulses (cycles) per
second and uses digital techniques" must not radiate signals in excess of certain levels
in the frequency range of 30 MHz to 1 GHz?. Emissions injected from the product
into the commercial power mains also have to meet a similar requirement in the
frequency range of 450 kHz to 30 MHz. Clock frequencies in excess of 10 kHz in
digital electronic products are also regulated. = Therefore, virtually all digital
electronic products are subject to the FCC regulations. In order to satisfy the

reliability of multilayer electronic devices which are subject to FCC regulations, the
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Introduction

circuit designer needs to be able to predict crosstalk for a given circuit design before
manufacturing.

Several software programs are available to predict crosstalk for given
transmission line structures (discussed further in Chapter II). These calculate mutual
parameters (mutual inductance and mutual capacitance) using numerical techniques
which assume that the skin effect is well developed at high frequencies (> 1 GHz)Bl,

Such software is therefore not applicable to low frequency applications such as
automotive electronics (< 100 MHz). IBM has developed its own software (ASTAP:
The Advanced Statistical Analysis) which is a general-purpose network-analysis
program. C.R. Paul*l used ASTAP to predict crosstalk at frequencies lower than
100 kHz. However, he still applied relationships between inductance and
capacitance which are valid only at high frequencies. He used this relationship to
predict mutual inductance using mutual capacitance which was computed by
numerical methods. This approximation was acceptable for transmission lines which
are widely separated, as much as 30 mils. But, his prediction may be invalid when
line spacing becomes narrower than 30 mils. Generally speaking, a rigorous
crosstalk model at low frequency has yet to be developed.

A typical transmission line structure which gives rise to crosstalk is the parallel
transmission line, sometimes called coupled lines. A coupled transmission line
system consists of at least two ordinary transmission lines which have some form of
coupling between them such that a voltage and/or current signal in one line will
induce a voltage and/or current signal in the other line. There are two generic types

of coupled lines in multilayer circuits: side-coupled and broad-coupled. Depending
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on the characteristics of the ground, transmission lines can be classified into several
structures.  Fig. 1.1 shows some examples of parallel transmission lines and
grounding configurations.

In order to analyze coupled lines, voltage is measured at both terminals of the
second line. Fig. 1.2 shows crosstalk test diagrams where far-end and near-end
crosstalk voltages (Vr and V) are defined in accordance with measurement position.
Each line is terminated by a resistor (Rp, Ry, and Rg). Rj is the source resistance
of the signal generator and V is the source voltage. Fig. 1.3 shows the equivalent
test circuit, where the self-inductance and self-capacitance of each line, and the
mutual inductance and the mutual capacitance between them are indicated. When
coupled lines are analyzed, equivalent circuits such as Fig. 1.3-a and/or Fig. 1.3-b are
used. In Fig. 1.3-a, a perfect ground without resistance and inductance is assumed.
In reality, however, ground resistance and ground inductance should be considered
for rigorous analysis, and Fig. 1.3-b is better suited for that case. Two mutual
parameters exist between coupled lines in Fig. 1.3-a, but the mutual inductance term
is actually loop inductance which consists of the partial mutual inductance and self-
inductance of each line. Fig. 1.3-b shows these partial inductances and produces
better models for crosstalk analysis. In the next section, crosstalk model and

prediction will be reviewed briefly.
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Side-Coupled Broad-coupled
Name
Transmission lines
Microstrip Dielectric
Z 77227 22777 7727772
Ground plane
LIS LS v LSS
Strip line
777777777777 7777 7777777777777
Ground line
Strip with
coplanar
ground line

Fig. 1.1 Five structures for coupled parallel transmission lines
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Fig. 1.2 Crosstalk test circuit diagrams with ground plane and

ground line structures. Components are discussed in text.
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Introduction

Fig. 1.3 Equivalent circuits for coupled lines : a. shows loop

inductance L,, and b. shows partial mutual

inductances (L;>, Lj¢, and Ly ) and considers ground

inductance (L ) and ground resistance (R ).
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Chapter II

Literature Review

8§ 2.1 General overview

The simplest coupled transmission line consists of two conductors with a common
return ground conductor. This type of coupled transmission line will be the main
topic of discussion in this dissertation. Coupled transmission lines are identified in

several ways, as shown by the examples below (input signal is applied to line 1).

Line 1 Line 205 ¢
generator receptor[7]

active line quiescent line®
active line passive linel’]
driven conductor idle conductor(!%
drive line sense/pickup linel!!]
interfering line victim line!?
source line receptor line!™!

Analysis of coupled lines has been studied in several ways. In 1947, two
symmetric paralle] wire lines immersed in a homogeneous medium were studied by
M. Cotte!™. He derived a general solution using "telegrapher’s equations" with
transverse electromagnetic (TEM) propagation. L.J. Greenstein and H.G. Tobin

studied multiple cable-coupled interference, and found a rigorous solution for



Literature Review

crosstalk using a Laplace transform technique!™™. With the subsequent increase in
digital circuit speeds and denser component packing, crosstalk problems have spread
to backplane wiring, circuit boards, etc.. 1. Catt obtained the same results as Cotte’s
solutions using Laplace transform technique for two coupled transmission lines!!¢],

For practical computer wiring, D.B. Jarvis introduced a weak coupling approximation
called "loose-coupling theory" (which neglects the effect of line 2 on line 1)

"Close-coupling theory", in contrast to Jarvis’ analysis, considers the effect of line 2
on line 1P, A qualitative description of the nature of the crosstalk signals for pulse-
driven interconnecting lines was presented by A. Feller et al''l. They made an
attempt to separate the coupling into independent capacitive- and inductive-coupling,
and then to superimpose their solutions. In their studies, a general expression for
the transient crosstalk signal voltage between lines in a nonhomogeneous medium was
derived. V.K. Tripathi, in 1975, developed general solutions for asymmetric coupled
transmission lines in an inhomogeneous medium!!'’, He discussed a solution for
symmetric coupled lines in a homogeneous medium as a special case of a general
solution. In the above cases, crosstalk analysis for transmission lines was studied
with TEM or "quasi-TEM" propagation assumptions for high frequency applications.
In 1967, R.J. Mohr reported crosstalk studies at low frequencies, where TEM mode
can not be assumed'?. C.R. Paul developed a solution for three conductor lines
(one being a common ground line) in homogeneous media using matrix chain

[7, 18],

parameters The general solution was complicated, and a low-frequency

approximation was used to simplify the expressions. A.J. Rainal reported a crosstalk
model which could be applied to arbitrary pulse, periodic, and random signals!'?,

Once crosstalk equations are established, the next step is to predict crosstalk
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Literature Review
from given line geometries and terminations. In order to predict crosstalk, mutual
parameters must be determined. In this light, analysis of mutual capacitance has
been made by using conformal mapping!’®! and numerical methods®®®), If mutual
capacitance is known, mutual inductance can be obtained from the relationship:

1

[L]le]l - 5

2.1)

C

where [L] is the inductance matrix, [C] is the capacitance matrix, and ¢ is the wave
velocity in the medium®. S. Okugawa calculated mutual capacitance using
numerical methods and used this value to predict crosstalk between microstrip
transmission lines by employing Jarvis’ loose-coupling theory!®l. N. Schibuya and K.
Ito simulated crosstalk of wiring on printed circuit boards using close-coupling theory
for the crosstalk model, with numerical techniques for determining mutual
capacitance®.  They developed software called NESSY and CALCAP for this
purpose. With a similar technique, A. Djordjevi¢ et al developed software for time-
domain response of multiconductor transmission lines, but their techniques were only
useful for applications in microwave rangel®. C.R. Paul used IBM’s ASTAP
software to predict crosstalk of land patterns (having coplanar ground line) at
frequencies lower than 500 MHz!* %1, However, he still used the relationship in
Eq.(2.1) to predict mutual inductance, which is not acceptable at low frequencies.
In this chapter, some crosstalk anaysis at low frequencies and calculation

techniques for mutual parameters will be briefly reviewed.
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§ 2.2 Crosstalk models
R.J. Mohr derived coupling equations for wire lines over a ground plane*2.
He assumed wires in which lengths are short compared with a half wavelength, and
terminating resistances are significantly smaller than the characteristic impedance of
the wires, the net coupling thus being magnetic, which is related to L, Without

electric coupling (which is related to C,,), the mesh equation of the active line is:
joL I, = (R, + R, + joL,)I, (22)
where /; is the current on line 1 and w is angular frequency (also see Fig. 1.3-a).

From this equation, near-end crosstalk is given by:

V, = joL I Ry _ 1 (2.3)
" Rp+ Ry 1+ jwL,/(R; + Ry)

When frequency increases sufficiently, 1 < jwL,/(Rz+Ry), and the resultant crosstalk

Vy becomes linearly proportional to frequency.

Mohr’s simple crosstalk expression is useful at low frequencies ( wire length
is shorter than a half wavelenght ), but mutual capacitance still cannot be neglected
when the distance between coupled lines is small. C.R. Paul studied terminal voltages
of a transmission line consisting of three conductors immersed in a homogeneous
medium!’). He derived the following per-unit-length transmission line equations for

the structure shown in Fig. 1.3-b :

Chapter 2 11
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— = -joL I, -joL,I,

— 2% - —joL I, - joL,I,
(2.4)
1= —jo(C, + C)V, +jwC,V,

2 - -juC,V, -jw(C, + C)V,

Paul discussed the sinusoidal steady-state behavior of the line using matrix chain
parameters!’® for the transmission-line equations. The matrix chain parameters
provide a solution to these transmission line equations by relating the voltage and
current at the far-end to the voltage and current at the near-end. At low
frequencies, he found general solutions for near and far-end crosstalk voltages (V)

and V7, respectively).

V. - jwl Ry 1 N RyRy Ry
N R, +Ry, "Rg+R; Rp+Ry "Ry+Ry| °
(2.5)
R R,R R
V= jol | —F p 1 N o T8y
R, +R, "R+ R, R.+R, "R, + Ry

Chapter 2 12
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From Eq. 2.5 linear frequency dependence of crosstalk for both far-end and near-end
can be found. It is possible that V. may be identically zero for all frequencies when
the first and second terms are equal. When coupled transmission lines are designed

SIS 271

for this condition, they are called directional coupler When terminal

resistances have the condition that Rz, = Ry = Ry = Z

o » Where Z  is the

characteristic impedance of the transmission line, the crosstalk equation of Eq. 2.5

forms the result of Jarvisl®), Feller et all'!l and Rainall'®l.

1
av.
VN-_l__m+Z°Cm [——de
2 | Z, J, "
1
1 m [ dVS
V.= -2 |1-2-2C —2 dx
F ) . o m . dt

where jwV is replaced by dV/dt and I, by integration of dx.

§ 2.3 Mutual capacitance

A conformal mapping technique for the determination of mutual capacitance
will be reviewed in this section. The conformal transformation which maps the upper
half of the z-plane onto the interior of a rectilinear polygon in the w-plane was
advanced independently and more or less simultaneousely by the German
mathematician, H.A. Schwarz®®], and the Italian mathematician, E.B. Christoffell®].
The perimeter of the polygon in the w-plane coincides with the real axis of the z-
plane. Fig. 2.1-a shows this transformation, where the upper half infinite z-plane is

mapped into the polygon on the w-plane. Mutual capacitance for two coplanar

Chapter 2 13



Literature Review
parallel conducting strips with equal and opposite charges can be obtained using their
technique. When microstrip conductor boundaries are given by *a and *b (as
shown in Fig. 2.1-b), four real axis bends of #/2 form a rectangular box (Fig. 2.1-b)

which encloses an area of uniform field bounded by A°, B", 4, and B. Thus, mutual

capacitance can be obtained from these simple parallel plates as C, =€ ABJA'A,
where e is permittivity. S.B. Cohn calculated the mutual capacitance of a shielded
coupled-strip transmission line in 19551, He discussed fringing capacitance for zero
thickness strips and finite thickness strips (Fig. 2.2-a). In his discussions, the mutual
capacitance can be treated as an "odd-mode fringing capacitance between two strip
lines" as shown in Fig. 2.2-b. Even though exact mutual capacitance was not
discussed, several persons developed useful conformal mapping functions for self
capacitance and characteristic impedance of transmission lines®>, K.G. Black and
T.J. Higgins calculated the self capacitance of a microstrip on a ground plane at ultra
high frequencies!®. A.A. Oliner calculated the self capacitance of strip lines®".,

H.A. Wheeler discussed wave resistance (equivalent to characteristic impedance) of
parallel strips (broad coupled line) and microstrips on a ground plane using
conformal mapping approximation®. C.P. Wen studied self capacitance of a
surface strip transmission line with infinite coplanar waveguides® (Fig. 2.3-a). C.
Veyres and V.F. Hanna developed conformal mapping techniques to calculate

capacitance of strips with finite coplanar ground planes®! (Fig. 2.3-b).
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z-—plane

a. General transformation

R it~

b. m/2 bends

Fig. 2.1 Schwarz—Christoffel conformal mapping
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zero thickness strips finite thickness strips

a. Coupled-strip-line cross sections

) Wt
NN AN

Even—-mode electric field distibution

N\l
V // \

0Odd-mode electric field distribution

b. Field distribution of the even and odd modes in coupled strip line

Fig. 2.2 Shielded coupled-strip transmission line. Fringing

capacitance ( Cy) is equivalent to mutual capacitance.
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a. Conformal mapping of a surface strip line with infinite ground planes

z — plane

Key: Strip line

Ground plane

Half-infinite plane

0

b. Conformal mapping of a surface strip line with finite ground planes

Fig. 2.3 Examples of conformal mapping for capacitance calculations
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§ 2.4 Mutual inductance

Inductance calculations have been used primarily in power engineering
applications. F.W. Grover provided an extensive treatment for electronic circuit
geometries®,  When cross sectional dimensions are small compared with the
distance between them, it suffices to assume that mutual inductance is sensibly the
same as the mutual inductance of filaments along their axes, and to use the
appropriate basic formula for filaments to calculate the mutual inductance. The

mutual inductance of two equal parallel straight filaments is:

2 ' 2 2.7
vl B e L9 Emy @7
a2 iz

where [ is the filament length, and d is distance (center-to-center) between lines

L, -200]In

Ql ~

For conductors whose cross section is too large to use this formula directly,
geometrical mean distance (GMD) is used instead of d. GMD of two parallel strips
is given by (See Fig. 2.4-a):

InS =Inna - LN S (2.8)

12n%  60n® 168n?

where § is GMD, a is the line width, and na is the line separation (center-to-center).
For a multitude of conductor geometries, A.E. Ruehli developed a filament
approximation which is convenient for computer implementation®’, The concept
of this technique is that the conductor cross sections are partitioned into a set of
rectangles (Fig. 2.4-b), and a simple formation is obtained as the sum of partial

inductances:
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k n
. 1
L, =lim — L.. 2.9
kn e kN1 g )-EI ij ( )

N-co

where k and n correspond to conductors k and n respectively. The L; can be

obtained from Eq. (2.7) for each partitioned section.
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a

i
P —

a. Cross sectional view of parallel microstrip. G.M.D. of Eq. (2.8) is

used in place of distance d in Eq. (2.7) for mutual inductance.

b. Partitioning of areas k and n for arbitrary line geometries.

Fig. 2.4 Mutual inductance calculation for two geometries:

a. infinitely thin conductor tapes; b. conductor bars

with finite thickness.
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Chapter 111
Theoretical Background

In this chapter, the basic theory of transmission lines, including mutual
parameter calculations will be reviewed. The transverse electromagnetic (TEM)
mode of propagation will be discussed and applied to microstrips of interest. In
addition, basic conformal mapping techniques related to mutual capacitance
calculation for microstrips will be shown. Finally, conventional inductance

calculations will be reviewed in detail for use in determining mutual inductance.

§ 3.1 The transmission line equations

The electrical transmission line is an example of a one-dimensional
propagating electromagnetic wave system. It is usually required that the electrical
length of the line be at least several percent of a wavelength at the highest frequency
of interest”).  An ideal lossless transmission line is surrounded by electric and
magnetic fields that are normal both to each other and to the direction of energy
propagation. This is the common TEM mode of propagation. This is not to say,
however, that a transmission line must propagate a signal in the TEM mode. For
example, even though a microstrip is one form of transmission line, it cannot support
TEM waves at frequencies other than zero because there is an inhomogeneous
dielectric cross section of the line normal to the direction of propagation (see Fig.
1.1). However, a microstrip can be regarded as an ideal transmission line with TEM

mode by introducing the effective dielectric constant of dielectric layer. In this case,
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n{27] In this section, the

the microstrip is called "quasi-static microstrip line
telegrapher’s equation and crosstalk equation for lossless transmission line will be

reviewed.

3.1.1 Telegrapher’s equations
Fig. 3.1-a shows an ideal transmission line above a ground plane. Since
charge is conserved, the following relationship can be established at distance x from

the source:

_or 99 (3.1)
ox ot

where Q is the charge per unit length at distance x and time ¢ on the line. If we

assume that the line is a perfect conductor, we have:

_9y _ 99 (3:2)
ox ot

where @ represents the magnetic flux linked with unit length of the line at distance
x and time ¢t. The charge and the flux are described as:

0-CV , &-=-LI (3.3)

where C is the self-capacitance (line capacitance) and L is the self-inductance (line

inductance). From Eq.(3.1), (3.2), and (3.3), we obtain

al v (3.4)
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Ground plane

a. Single transmission line

Ground plane

b. Coupled transmission lines

Fig. 3.1 Transmission line model on ground plane

Chapter 3
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ov _ I (3.5)

Equations (3.4) and (3.5) are coupled first-order partial differential equations in V/

and 1. Differentiating Eq.(3.4) with respect to ¢ and Eq.(3.5) with respect to x, we

have
2 2
T _ 9V (3.6)
ox ot at?
2 2
oV .91 (3.7)
ox? otox

Equating the mixed partial derivatives yields

o _Lc%Y (3.8)

as:
321 ) 62] (39)
Eq.(3.8) and/or (3.9) are called the Telegrapher’s equation® *! for a lossless line.

Maxwell’s equations yield a result similar equation to the telegrapher’s equation. In

homogeneous space, Maxwell’s equations are

VD - p (3.10)

Chapter 3 24



Theoretical Background

V-B -0 (G.11)
VxE - - 9B (3.12)
ot
UxH - J + 9P (3.13)
ot
where D = Electric displacement vector
B = Magnetic flux vector
E = Electric field intensity vector

H = Magnetic field intensity vector
J = Electric current density vector
p = Space charge density

When the wave is propagating through a dielectric, p=0. Also,

B - uH (3.14)

D - ¢E (3.15)

where py and e are the permeability and permittivity, respectively, of the material.

Substituting the relationships above into Maxwell’s equations, we have

VE =0 (3.16)
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V-H -0 (3.17)

Take the curl of both sides of Eq.(3.12) and substitute the result into Eq.(3.13),

oH d
VX(VXE) = —uVx— = —u—(VxH
x(x) F‘Xat yat(x)
__”a J+ap __#321)
ot ot ar2
o eazE
arT (3.18)
By vector identity,
Vx(VxE) = V(V-E) - V2E = - V?E (3.19)
since V.E=0 from Eq.(3.16). Therefore,
2 2
v2E - yedE . 9E (3.20)
at?  ax?

Eq.(3.20) has the same form as Eq.(3.8) and (3.9). Similarly, it can be shown that
H also satisfies the same telegrapher’s equation.

Now consider a wave having the form

£ - f[’z‘ + z] - %{g [’z‘ . t] +g[§ _ ,]} (3.21)
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where the — sign indicates wave motion to the right (increasing x) and the + sign
indicates wave motion to the left (decreasing x). The wave has a constant velocity

c. Letf=x/c £t then

ot L 3tof 1% (3.22)
ox Jdfox cof

and
9k ko, 3t (3.23)
at ofat  of

To obtain solutions to Eq.(3.22) and Eq.(3.23), it is useful to find an equation in £ ..
alone. Since Eq.(3.23) has both the + and — sign, differentiate Eq.(3.23) with
respect to ¢ and Eq.(3.22) with respect to x in order to satisfy * properties

simultaneously. Then we obtain

% _ 1% (3.24)
ox?  c¢c?of*
and
% _ % (3.25)
arr  af?
or
o't 19% (3.26)
ox c? 32
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Eq.(3.26) is the wave equation and is equivalent to the telegrapher’s equation. Thus,

from Eq.(3.8), (3.20), and (3.26), we have

1

. - LC - pe (3.27)

c

Now consider a semi-infinite line, extending from x=0 to x=0, A wave

launched at x=0 will propagate in the +x direction. Then from Eq.(3.5), (3.22), and
(3.23),

ol _ 13V _ 118V _ |C &V (3.28)
¢ Lax Lcof WL o

and therefore for the wave traveling only in the +x direction,

V(x,t) = JLIC I(x1) (3.29)
The ratio of the voltage to the current at any point along the line is therefore a

constant having the units of resistance. This resistance is defined as the characteristic

impedance, Z, of the line.

Z, - /L/C (3.30)

3.1.2 Coupling equations for TEM mode
When we consider two parallel conductors above a ground line (Fig. 3.1-b),
there is some coupling between them due to their proximity. The electrostatic

formulae and steady current formulae are again used for these two lines:
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, where Cy, Gy
C
L,L,:

L

m

m

Ql = C1V1 - Csz

Q, = -C, 1 + GGV,

¢ =-LI +L,1I
¢, -L1I + L212

Line capacitances

: Mutual capacitance

Line inductances

: Mutual inductance

Theoretical Background

(3.31)

(3.32)

Eq.(3.1), (3.2), (3.31), and (3.32) can be combined to give the differential equations

of the system:

Chapter 3

aI, v, v,
—_ - -Cl_ + Cm__
ox ot ot
a1, av, av,
-l = "Cz—— + -
ox ot ™ ot
av, al, al,
— = —Ll_ -
ox ot m ot
v, _, al,
N ™ a3t

(3.33)
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The general solutions for the voltages on the two lines in terms of all four waves are
rather complicated but are given by Tripathil'”l. However, when symmetric coupled

lines are considered with C;=C,=C and L,=L,=L, Eq.(3.33) reduces to

a1, v, av.,

1 2
e -C— +C = 1
= Sty ©
oI, av, v,
— - -C—_Z +C — 2
ox ot * ot )

(3.34)

Moo, o 3)
ox ot ™ ot
av ol ol
—--L - (4)
ox ot ot

To simplify the solutions, add and subtract (1) and (2), and (3) and (4) in Eq.(3.34).

(1, + 1,) - (Cc-c )a(Vl +V,)
ox " ot
- V., - V.
a1, - I,) - (C+ Cm)a( | 5)
ox ot (3.35)
v, +V,) - L+ )a(l1 + 1)
ox " ot
oV, - V) L-L )6(11 - 1)
ox m ot
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Two modes are defined as:

even mode V.=V, +V, (I, =1, + 1)
(3.36)
odd mode vV, =V, -V, (1, =1 -1)
Thus,
al, c_c av,
g ( m) at
al, CicC av,
R (€ G
(3.37)
av, al,
- -(L+L)—
ox ot
av, ol
--(L-L)2
ox ( m) ot
Using the same procedure as before, from Eq.(3.6) through (3.9),
2 2
° VC = (L + Lm)(c - Cm)_e
ox? or
(3.38)
e (L -LyC e
- - +
ox* " " ar?
Then even-mode and odd-mode velocities are defined as
even-mode velocity Ciz -(L+L,)(C-C,)
) (3.39)
odd-mode velocity iz =(L-L)(C+C))
c
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Combining Eq.(3.37), (3.39), and (3.28) gives

N Y]
c

(4

(3.40)
Ay ow -

o

Therefore, even- and odd-characteristic impedances are, from Eq.(3.40):

v,
T -Z,=c/(L +Lm)

e

- m (3.41)

Z2aZ Z (3.42)

When there is a homogeneous medium, the two velocities must be equal to each
other and to the wave propagation velocity in the homogeneous dielectric medium.

Thus,

(L+L)(C-C)=-(L-L,)(C+C,)

Cm m
or =T " ky (3.43)
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where k, is the coupling coefficient in the homogeneous medium.

To solve Eq.(3.38), each variable is replaced by its Laplace transformation;

4

Q[VC]=VC, etc. and & =s7¢, etc.. Then

R
N

7«2 237 S 7
S - (L +Lm)(C—Cm)s Vc-_ch
ox c,
8270 o (3.44)
=(L-L)(C+ Cm)szVo -__V
dx? " c? °

~ In the homogeneous medium, the solutions of differential equations in Eq.(3.44) are

by sx/c, -sx/c,
V,=Ae + A,e

(3.45)

-sxjc,

ey sx/co
Vo - A3e + A4e

where A4,, A,, A,, and A, are conStants to be determined. To solve for the currents,
Eq.(3.45) is substituted into Eq.(3.38), with replacing I, and I, with their respective
Laplace transformations. Hence:

v, _
- (L +L)sL

ox
and Tc -1 lAle“/c‘ - lAze’wc‘
L+ L, c, C,
= C - Cm sx/c -sxfc
or I - I I [—Ale + Ae ] (3.46)
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Likewise,

- C+Cm
Io L—Lm

[_Asesx/ca + A4e-sx/ca] (3.47)

The above solutions result from "close-coupling” theory. The effect of a wave
traveling along line 1 is to induce a wave in line 2. These waves will then affect the
wave in line 1. However, if the coupling is weak it is plausible to assume that the
wave induced on line 2 will be small and so will have a negligible effect on the large
driving wave on line 1. This assumption leads to the "loose-coupling” theory. The

simplified version of Eq.(3.34) is then

al, CaV1
ax ot
8_12 —Ciliz +C aVl
ox ot ™ ot
(3.48)
ox ot
av, L al, %

o "a

Using the same procedure as that in close-coupling theory,
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= —sCI—/;
‘= --SCV2 + sCm71
(3.49)

= —sLI—1

—sL-I; - sLmI_1

3%V, 2__
- V1

o

@

=
¥

(9]
)

(3.50)

N

Sl
al N

N
+
|Cn

L] N
|

&
N
0"4
[N}
[}

where ¢?=1/LC.

The solution to Eq.(3.50) is then

- sxfc -$x/c
V, = B,e*™ + B,e

(3.51)
T - _1_[_3 eS| B e-sx/c]
1 Z 1 2

o

Chapter 3 35



Theoretical Background

— L C
sx/c -sx/c N m m sx/c ~sx/c
V, = B,e™ + B,e +§Ex A —?](Ble - Be )
—_ L C
I, - i (_B3esx/c + B4e-sx/c) + 1 3om  Tm (Blesx/c N Bze-sx/c)
Z, 2z, 'L T
L C
- L Sx| Zm - 2| (B + B, em)
2Z c L C
L C
e LI S |(p e s g
2Z|L C ! 2

(3.52)

where Z, - yL/C .

As a particular choice of boundary conditions, suppose that the lines are terminated
in their characteristic impedance Z_ and that at time ¢=0, a voltage V' is applied to

the input line 1. Therefore, if / is the length of each line, we obtain

4 \

V | Ln ~2sl/c
Vv = ¢ 70+Z°C'" (1 - e%tle)
’ (3.53)
4 \
v|L s
Ve= -3 7’" - Z.C, |Iseslle
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The above results were derived independently (and by different means ) by Jarvis!¢?!!

(1963), Feller et all'!l (1965), and Rainal*®! (1978), respectively.

§ 3.2 Conformal transformations

Conformal transformation is a mathematical technique that allows a particular
transmission line geometry to be transformed into a new geometry in the second
coordinate system, with certain rules governing the relationship between the electrical
properties of the lines in the two systems. If the second system is judiciously chosen,
the new geometry is more amenable to solution by Laplace’s equation (in the plane)
than was the original geometry. The theory of conformal transformations is a topic
in the more general theory of complex variables. A complex number in z-plane has

the form:

Z =X +jy=rcosf + jrsin@ - re/® (3.54)

A function w(z) of the complex variable z is itself a complex number whose

real and imaginary parts ¥ and v depend on the position of z in the z-plane.

w(z) = u(x,y) + jv(x,y) (3-35)

Two different graphical representations of the function w(z) are useful. One is
simply to plot the real and/or imaginary parts, «(x, y) and v(x, y) as surface above the
z-plane. The other is to present the complex number w(z) by a point in the complex
"w-plane", so that to each point in the z-plane corresponds one (or more) points in
the w-plane. In this way, the function w(z) produces a mapping of the z-plane into

the w-plane. It is found that Laplace’s equation in the z-plane still satisfy Laplace’s
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equation in the w-plane ( See Appedix A ). In this case, a transformed solution

becomes the final solution. In the following sections, some sample transformation

functions will be reviewed.

3.2.1 Exponential function

Let w=tanhz and find u(x, y) and v(x, y). Since

et —e*
tanhz =

et + e*

sinh2x + jsin2y (3.56)
cos®y cosh?x + sin?y sinh%x

1
2

-U +jv

we obtain
u® + (v - cot2y)? = 1
sin? 2y
(3.57)
(u - cosh2x)? + v? - #
sinh? 2x

Therefore, when y is confined to the region between zero and *=/2 (Fig.3.2-a),
Eq.(3.57) forms bipolar coordinates depending on values of x and y as shown in
Fig. 3.2-c.  Hence, each quarter region in the z-plane can be mapped to a

corresponding region in the w-plane (Fig. 3.2-b).
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Jy c
Jv
/ I II
F ¢ g J /2
1 HEI 11 K J
A ¢’ | A . E C
J x T ' u
c -1 1 B C
m v
D C B J-n/2 111 v
z —plane w—plane
c
a. w=tanhz mapping from z-plane to w—plane showing
corresponding regions and points
Jv
u

w—plane

b. Grids of the above conformal transformation showing bipolar

coordinates: shaded area corresponds to that in z-plane

Fig. 3.2 Conformal transformation by an exponential function
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3.2.2 Schwarz-Christoffel transformation of coplanar strips
Consider two coplanar parallel strips, where the strip boundaries are given by

+a and *b. Four n/2 real axis bends take the form (See Appendix B for details)

W - A f dz +B (3.58)
V(22-a?) (2-b?)

which is known as an elliptic integral of the first kind. Let w=0 when z=0 for

convenience, then B=0 and

dz
w=A
fs/(az—zZ)(bZ-zz)

(3.59)

The inverse function of the elliptic integral, Eq.(3.59), is the elliptic function, i.e.;
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ab a
z=asn| —w, —
(53]
(3.60)
= asn [ a_b w, k]
A
where k=a/b. Special values of the elliptic signs are
sn( K +jK, k) =k!
(3.61)

sn( K + %jK’, k) - k172

where k is the modulus, K’=K(k’), and kK’ =y 1-k? is the complementary modulus.

K and K’ are the corresponding complete elliptic integrals where K is expressed as:

K-F
2

2 2\2 2.8\2
T EREN R TN REEEN T T (3.62)
2 2-4 7.4-6

Thus, where z=b, from Eq.(3.60),

b g1 sn[@w, k] (3.63)
a A
and
f;lzw -K +jK (3.64)
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Since u=0A and v=-AB when z=b, in Fig. 2.1-b,

K-%04
A

(3.65)

K - %35
A

The capacitance per unit length is, from Fig. 2.1-b,

AB _ K (3.66)

Since Fig. 2.1-b is the conformal transformation for half-infinite plane of z-plane,

capacitance for the whole upper- and lower-space will be

c-eX (3.67)
K

§ 3.3 Inductance calculation

Although the self-inductances and mutual inductances of circuit elements not
associated with magnetic materials are independent of the value of the current and
dependent only on the geometry of the system, it is only in the simplest cases that
these constants can be calculated exactly. Fortunately, from these basic formulae for
ideal cases, expressions applicable to the more important circuit elements met in
practice may be built up by general synthetic methods. A brief survey of the
methods employed in deriving the basic formulae will first be given and , following

these, a treatment of methods of procedure for building up solutions of the problem
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for actual circuits is presented.

3.3.1 Mutual inductance of two equal parallel straight filaments
Consider the two parallel filaments shown in Fig. 3.3-a. By applying the Biot-

Savart law, a current / flowing in the y direction produces a magnetic flux density,

B(x, y), given by

[1/2 ) [1/2
B(x,y)-ﬂ SILBds-”_I X as
dr | r? 4z | 3

=112 -1/2 r (3.68)
i)  (y-I2)
VO +12)2 42 {(y-12)2+x

ul
4 nx

where p is the permeability of the medium. The total flux, @, linking line 2 is then

given by

o0

O = [dx r/zB(x,y)dy

d =112
(3.69)
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b v
1721 B
(=, v)
//
line 1
T line 2
I
>
-1/2 U L
- d >

a. Coordinate system for derivation of mutual inductance

©
T
N

b. Notation for derivation of self-inductance

-

N

e

Fig. 3.3 Inductance calculation models
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If the medium is a vacuum or air, then u = u, = 47 x 107 H/m and the mutual

inductance, L,,, is given by
o
L,-_—
12 11

2 2
= 200]| In l + |1+ 1 - 1+ (_1 + g (nH/m)
d d 1 l

3.3.2 Self-inductance of a straight conductor
Consider the current element shown in Fig. 3.3-b. A basic definition of self-

inductance, L, is

L=2
7

= total number of flux linkage per ampere (3.711)

From Ampere’s law, the magnetic intensity, internal to the conductor is given by

H-dA - [L]( wr?) = I[L]z O<rep (3.72)
an P

where A is the incremental cross sectional area and p is the radius of the conductor.
Eq.(3.72) assumes that the current density, I/(xp)? is uniform in the conductor ( skin

effect is neglected at low frequencies ). From Eq.(3.72), H, is defined as:
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2
H,=IH| - L[L] O<rsp (3.73)
2nr p

The flux density, B, , internal to the conductor is then

2

B, - uH, - 2“_1[_':] O<r<p (3.74)
arl p

A given flux line of radius r<p encloses a fraction (r/p)? of the total current I. Thus,

from Eq.(3.71) and (3.74) the self-inductance, L, resulting from the internal magnetic

field is
p 2
[39[1] dr - # (3.75)

The total self-inductance, Lg, of a straight conductor is obtained by adding the
contributions from the external and internal magnetic fields. Thus, from Eq.(3.70)

and (3.75) we have

Ly-Ly,|, +L, (3.76)
for p«l,
L, = 200 [m [2_’] - %] nH/m (3.77)
P
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3.3.3 Inductance for a multitude of geometries

In calculating the mutual inductance of two conductors whose cross sectional
dimensions are small compared with their separation, it suffices to assume that the
mutual inductance is practically the same as that of the filaments along their axes.
One may then use the appropriate basic formula for filaments to calculate the mutual
inductance. For conductors whose cross section is too large to justify this simplifying
assumption it is necessary to average the mutual inductances of all the filaments of
which the conductors may be supposed to consist. That is, the basic formula for the
mutual inductance is to be integrated over the cross sections of the conductors. The
constant terms are of course unchanged; the average of Ind is defined as In S, where
distance S is called the geometric mean distance (GMD) of the two geometries ( See
Appendix C for more information ). Thus, the two conductors of rectangular cross
section have been replaced by two filaments whose spacing is equal to the geometric
mean distance (GMD) of the two sections. For example, the GMD of two parallel
strips is given by Eq.(2.8), for example. @ However, as the geometry becomes
complicated, it is difficult to calculate GMD in closed-form.  Thus, Ruehli’s
technique (numerical method) is used for a multitude of geometries as given in
Eq.(2.9).

Since the self-inductance of a conductor is equal to the sum of the mutual
inductances of all the pairs of filaments of which it is composed, it is also evident that
the self-inductance of a straight conductor of any desired section is equal to the
mutual inductanc of two parallel straight sub-filaments of which a conductor is
composed, spaced at the geometric mean distances of all points of the section from

each other. Thus is derived the idea of the geometric mean distance of an area from
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itself. When the cross section of the conductor is rectangular, for example, the self-

inductance is given by!>® I

Ly =200 [m¥. 1 nH/m (3.78)
p 2

where p is the perimeter of cross section.

3.3.4 Loop inductance

The transmission-line model in Fig. 1.3.a assumes that ground resistance and
ground inductance are zero. However, when ground is not a perfect conductor,
ground resistance cannot be neglected. and/or form a ground line, both terms should
be considered. In that case, lump-circuit model is useful to obtain, so called, loop
inductance. When current flow directions are considered in Fig. 1.3.b, the loop

inductance affecting on line 2 is expressed as®’):

L -L,-L,-L,, +L (3.719)

2G G

For microstrip transmission lines, L,,, L,,, and L are calculated using Eq.(3.70)

122

or (2.9), and L, using Eq.(3.78).
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Objectives and Experiments

As mentioned previously in Chapter I, the crosstalk model at low frequencies
is still open to question. In order to develop a low frequency crosstalk model, a
valid crosstalk equation must first be developed for given test patterns of interest.
Once the crosstalk equation is established, transmission line parameters such as
mutual capacitance and mutual inductance can be calculated in order to predict
crosstalk by combining these parameters with the crosstalk equation.
Crosstalk equations have been developed by several investigators(671011:1214.1516.17],
however, as shown in the next chapter, these equations can be derived in a simpler
way for low-frequency applications. In order to understand crosstalk, its dependence
on the following parameters should first be addressed and investigated:

a. Transmission line length

b. Frequency

C. Line width

d. Line thickness

e. Line separation

f. Ground distance

g Termination resistance

The above parameters can be studied with simple side-coupled microstrips on the
alumina substrate. When a multilayer system is used, broad-coupled lines can also

be manufactured.
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Crosstalk equations contain mutual inductance and mutual capacitance terms.
Therefore it is important to develop techniques to calculate these parameters to
simulate crosstalk for given geometrical structures of transmission line.  As
mentioned before, conventional calculations can be used for mutual inductance. As

for mutual capacitance, new techniques need to be established.

§ 4.1 Test patterns

In this reseach, the following test pattern parameters were varied to test
crosstalk at low frequencies:

#1 : Variations in line spacing using ground plane

#2 : Variations in ground line separation, with constant line spacing

#3 : Variations in line spacing with constant ground line separation

A : Test pattern #1 on TOS

ov]

: Test pattern #1 at TOS-alumina substrate interface

C : Broad-coupling pattern with TOS medium on alumina substrate

Test patterns are shown in Fig. 4.1. Line spacing (D) of Pattern #1 was designed
to have 5, 7, 10, 15 and 20 mils of edge-to-edge distance. Transmission line width
(W) is 10 mils, with line thickness (7) of 0.8 mil. Ground line separations of Pattern
#2 were 10, 20, 40, 80, and 160 mils, with constant line spacing of 10 mils. As for
Pattern #3, line spacing has the same dimensions as Pattern #1 with 10 mil ground
line distance. Patterns A and B are essentially the same as Pattern #1 except for
an additional TOS layer. Pattern C has ground plane on the underside of the

alumina substrate. Patterns A, B, and C were designed to investigate crosstalk in
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multilayer circuits. TOS varies from single to triple layer. Each transmission line
was terminated by a resistance of 50Q, 61Q (or 66Q) and 75Q. These resistors were
chosen to study resistor dependence of crosstalk. The open termination was also

tested to check crosstalk modeling.

§ 4.2 Sample preparation
Test pattern design was performed using CAD (Computer Aided Design).

The test patterns were printed on an alumina substrate with DuPont 6160 (pure
silver) paste and then dried for 10 min. at 150°C in a BLUE M oven and fired in a
BTU furnace at 850°C with 10 min. peak time in a 60 min. cycle. For the ground
plane, DuPont 6134 (Ag/Pd) was used with the same processing conditions. Once
sample fabrication was finished, chip resistors were attached at each line termination
using silver epoxy (Epo-Tek H20E). This epoxy was also used to connect the
resistor pads and the ground plane of Pattern #1 along the edge of the alumina

substrate. Curing time was 10 min. at 120°C.

§ 4.3 Measurements

A HP3325A Synthesizer/Function Generator(20 MHz max.) was used to apply
the source signal, and a Tektronix 2215 60 MHz Oscilloscope was used to measure
both source and output voltage at each termination. A sinusoidal voltage was
applied using frequencies up to 10 MHz. Peak voltages were measured and plotted
versus frequency. Voltage versus frequency was plotted on both linear and dB

scales.
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S =5, 7 10, 15, 20 mil.

S i 4
S ——
1 —

Pattern #1

Ground plane

S=10 mil. D=10, 20, 40, 80, 160 mil. D .
j——=  Ground line
] —— ===

Pattern #2
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Resistor pad
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Transmission line

/( Ground plane

Siver epoxy

Ground connection and resistor position

Fig. 4.1.a Test patterns #1, #2, and #3.
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TOS

Alumina substrate Single TOS layer
Variations in line separation

Ground plane

Pattern A

Variations in TOS layer

Variations in line separation

Pattern B

Variations in TOS layer ( line separation )

Pattern C

Fig. 4.1.b TOS test patterns A, B, and C.
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Results and Discussion

The major test results are illustrated in the Figures 5.1 to 5.9. They may be

summarised as follows:

- Fig.

- Fig.

- Fig.

- Fig.

- Fig.

- Fig.

- Fig.

- Fig.

- Fig.

- Fig.

5.1.a

5.1b

5.2

5.3.a

5.3b

5.4

5.5

5.6

5.7

5.8

Typical crosstalk of coupled transmission lines.

Crosstalk in dB for the same sample as that in Fig. 5.1.a.

Line separation dependence of Pattern #1 crosstalk versus
frequency for 75Q termination. Patterns A and B show similar
results to Pattern #1.

Termination resistance dependence of crosstalk for Pattern #1
versus frequency.

Line separation dependence of Pattern #1 crosstalk versus
termination resistance.

Ground line distance dependence of Pattern #2 crosstalk versus
frequency. Sign of the far-end crosstalk is considered for
illustrative purposes.

Ground line distance dependence of Pattern #2 crosstalk versus
termination resistance.

Line spacing dependence of Pattern #3 crosstalk versus
frequency.

Line spacing dependence of Pattern #3 crosstalk versus
termination resistance.

Termination resistance dependence of Pattern C crosstalk versus

54



Results and Discussion
frequency.
- Fig. 5.9 Line separation dependence (number of TOS layers) of

Pattern C crosstalk versus termination resistance.

§ 5.1 Test results
Typical crosstalk values for Pattern #1 at both near- and far-end are shown
in Fig. 5.1.a where absolute values are given in a linear scale. The input source was
a sinusoidal signal and the peak voltage of each signal was recorded. Crosstalk
shows good linearity between 3 MHz and 10 MHz. Crosstalk at frequencies lower
than 1 MHz can be seen more easily when plotted in a dB gain scale as shown in Fig.
5.1.b. It is shown that crosstalk maintains a practically constant level in the
frequency range below than 1 MHz. Fig. 5.2 shows the line separation dependence
of Pattern #1 for a given termination resistance where only linear frequency
dependence ranges are plotted. In Fig. 5.3.a, the frequency dependence of crosstalk
for Pattern #1 is illustrated for each termination resistance for a given line
separation; the open termination shows a high, constant (maximized) level of
crosstalk. This will be discussed in the next section. When resistance dependence
is recorded, the sign of output voltage was considered as shown in Fig. 5.3.b, because
far-end crosstalk shows negative sign sometimes. Patterns A and B show similar
results to Pattern #1. Figs. 5.4 — 5.7 show the crosstalk of Pattern #2 and #3
where ground line dependence (Pattern #2) and line separation dependence (Pattern
#3) were recorded, respectively. The sign of far-end crosstalk is not always negative.
In Fig. 5.9, it is shown that the far-end sign of Pattern C varies depending on line

separation ( number of TOS layers ) and/or termination resistance. The near-end

Chapter 5 55



Results and Discussion

crosstalk of Pattern C has a minimum value between 50Q and 75Q. This will be

discussed in detail in the next section.
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. . . Near—end '
Line spacing : 5 mil. .
= R =500
£ 100 -
N
> ¢
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~
— o 7" Far—end
Z 50 r o
LZ 5 | o
E
-e -0
0 L | L | | L | | L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1E4

Frequency (kHz)

Fig. 5.1.a Typical crosstalk of coupled transmission lines
for Pattern #1.
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Fig. 5.1.b Crosstalk expressed in dB for Pattern #1.
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Fig. 5.2 Line separation dependence of Pattern #1 crosstalk versus
frequency for 75 (1 termination. TOS Patterns A and B show

similar results to Pattern #1.
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Fig. 5.3.b Line separation dependence of Pattern #1 crosstalk
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Fig. 5.4 Ground line distance dependence of Pattern #2 crosstalk
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Fig. 5.6 Line spacing dependence of Pattern #3 crosstalk versus frequency
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Fig. 5.9 Line separation dependence ( number of TOS layers ) of
Pattern C crosstalk versus terminating resistance.
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§ 5.2 Discussion

The goal of this study is to be able to predict crosstalk for given transmission
line parameters such as line spacing, ground line distance, etc. as mentioned earlier.
The first step in predicting crosstalk is to model the crosstalk itself. There are
several crosstalk equations at high frequencies suitable for TEM or quasi-TEM mode
applications. Paul!”! derived a low frequency approximation, as a special case, from
the general high-frequency solution. In this section, a crosstalk equation will also be

derived for low frequency applications.

5.2.1 Crosstalk modeling

Consider a signal propagating on line 1 as shown in Fig. 5.10. The coupling
can be divided into two components; capacitive and inductive. These two coupling
components are induced by the mutual capacitance C,, and the mutual inductance
L, respectively in Fig. 5.10. The capacitively induced current, i, is induced in line
2 by mutual capacitance. This current divides into two currents of opposite phase
which propagate toward each end of the line ( iy and iz ). Simultaneously, an
inductive current i; is induced in line 2 by mutual inductance and forms a loop

current. As a result, near- and far-end currents are established as:

iF - iL + iCF
(5.1)
iN = iCN - iL
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Fig. 5.10 Crosstalk model showing induced current components
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and
VF = RFiF
(5.2)
VN = RN iN
where
Ry = Ryigy (5:3)
Thus, from Eq.(5.1),
iF + iN - icp + iCN (54)

Ip = Iy =20 +lcp — Iy

When crosstalk is discussed at low frequencies, it is plausible to apply "loose-coupling”

theory. Then from Eq.(3.48),

L _ ¢, (5.5)
ox ot ™ ot
el 2oy (56)
ox ot ™ Bt

Jarvis!®l combined the above two equations to find I, and V, by considering the
correlation between them. However, the second term on the right hand side of each

equation refers to the component induced by the mutual parameter, i.e.,

S o M (5.7)
ox ™ ot
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v, al, (58)

ax  "ar
where i is the capacitively induced current and ¥V, is the inductively induced

potential. Integrating Eq.(5.7), considering current direction, from x to 0 ( to obtain

icy ) and from x to I ( to obtain i, ) yields capacitive current at each terminal as,

G
Ie| o = len = - | Cm?dx
i (5.9)
T
ic| ., = lcp = ] medx
X
Thus,
[’ av.
ipom iy + iy = —lax (5.10)

m
JO ot

From Eq.(5.1) and (5.2), when considering each termination resistance Ry and Ry,

Rpip = Ve = Ro (i) +igp) (5.11)

Ryiy =V = Ry (igy - i) (5-12)

Chapter 5 70



Results and Discussion

Multiplying Eq.(5.11) by Ry and (5.12) by Ry, and then adding them yields

RyVy + R.Vy = RyRy (ipy + icp) (5.13)
From Eq.(5.9),
[ Loy
R,V, + RV, = RyR,C, | a_tldx (5.14)

0

Integrating Eq.(5.8) from 0 to / gives

Vol - vl - iRe - (-iLRy)
[IL aIldx
T T (5.15)
0
1
[LmaV1
J,Rp 9

where V, = I, R, according to loose-coupling theory.

From Eq.(5.11), (5.12), (5.3), and (5.15),

Ve = Vy = (Rp + Ry)ip + Rpige - Ryigy

. I‘z L av, (5.16)
= (Rp + R,)i, = —J R—B_ade
0
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Combining Eq.(5.14) and (5.16), we obtain :

I
R R, R R av,
v, - N 1 . N7 ; B S dx
R.+R, "R+ R, R;+R, RS+RBJ08t
(5.17)
1
R RyR R [ av,
V, - - FL 1 - W o B s
R, +R, "R+ R, R;+R, RS+RB_]08t
where V| = —BR V¢ has been substituted. ~When V; is a sinusoidal signal
+

s B

without attenuation, Eq.(5.17) is equivalent to Paul’s result in Eq.(2.5). If each

termination has the condition of R, = R, = R, = R = Z_, Eq.(5.17) becomes

1
L [aV
V- recz || Ta
2| Z, ] ot
0
(5.18)
(L, [’ v,
Vem-z|m-C,z || —Sax
2| z, ] Tar
0

In this study, every line was terminated by resistor of the same resistance value.

From the above equations, a minimum V), occurs as R varies. Pattern C shows this

minimum between 50Q and 75Q (Fig. 5.9). Vj also varies from negative to positive
as R varies. In directional coupling condition, V' becomes zero as discussed in § 2.2.
Pattern C shows this condition as mentioned in § 5.1 (Fig. 5.9).

When V5 is an arbitrary signal with propagation delay 7, Eq.(5.18) can be described

as.
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l
L [ -
v - YL,z av (t-2x/c) o
2| Z,

™ J, ot
(5.19)
1
oV (t-T
V,--Zr ¢z, (e,
2|l Z, _]0 ot
where C is the wave propagation velocity.
Then
c Lm
V= 5| > *CnZo [V(e)-v(e-21))]
o
(5.20)
L dv(t-T
v, - Y| En_g g |2V
2 ° dt

Eq.(5.20) is equivalent to Eq.(3.53). Jarvis!®l and Feller et al'l first derived the line
voltage of line 2 (V,) and then obtained V) and V} using boundary conditions, i.e.,
V=Z I when x=0 and x=I. By contrast, Rainall'"” obtained V, and V. directly; all

approaches yielded the same result.

5.2.2 Common ground impedance

When the ground is not a perfect conductor, resistance R; will result in a
voltage drop. Even at very low frequencies where crosstalk essentially dies off, this
ground voltage still exists because it is independent of frequency. Paull®! derived the
ground voltage drop as follows.

For a sufficiently small frequency (the current is almost DC), the current in
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line 1 is approximately:

V.
I - —5 (5.21)
' R+ R,

since Ry is small compared to Rg and Rz. The majority of this current passes

through the common return conductor (ground), developing a voltage drop of

= R.I

s (5.22) .

G

across that ground. This voltage is felt across the near- and far-end of line 2 to yield

R R
VNG = al ° Vs
R, + R, R;+R, 52
V.. = - Re Rs 1%
FG R,+R, R,+R, °

which is frequency-independent. This provides a plateau for the total crosstalk as
shown in Fig. 5.11. Strictly speaking, Vg or Vg is not crosstalk but simply a ground
voltage drop generated by the common-ground resistance, R;. Vys and Vi can be
verified by applying a DC source voltage and measuring the output voltage at both
near- and far-end positions. In this test, a DC power source without source
resistance was used so that the input voltage was recorded as V,, which is the same
as V; in Eq.(5.17). Fig. 5.12 shows these ground drops versus input voltage. When
these ground drops are recorded on a gain scale, it is found that their values are the

same as those in Fig. 5.1.b.
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§ 5.3 Mutual parameters

In the previous section, mutual parameters were found to exist in the crosstalk
equations. These mutual parameters can be obtained by substituting measured
crosstalk values into the crosstalk equations. The measured crosstalk values can also
be derived by substituting calculated mutual parameters into the crosstalk equations.
In this section, experimental mutual parameters will first be discussed and, later,

direct mutual parameter calculations will be shown to accurately predict crosstalk.

5.3.1 Mutual parameter data
In this study a sinusoidal signal was applied at low frequencies, leading to a

crosstalk equation of the form of Eq.(2.5) as discussed earlier. Since the test pattern

was terminated by R, = R, = R, = R at each port, the crosstalk equations become;

1. L, R
Vy=zjwl| = +C_R Vs
2 Rs + R
(5.24)
1. L,
Ve=-Zjowl| — - C_R Vg
2 R R, + R

When the ground voltage drop is considered,
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L R
v, - Yjel|Zrnvc R Ry 1 Ty
2 R " R; + R 2 Ry +R
(5.25)
L R
Vo= -ljot| Im-c R| R _y - 1_To y
2 R ™ )R +R 2R, + R

At very low frequencies where w=0, only the second term of each equation in

Eq.(5.25) remains, resulting in constant values for V. and V). As the frequency
increases, the first term begins to dominate, yielding the reduced form of Eq.(5.24).
However, this relationship is not applicable to the open termination because, when

R=o0, Eq.(5.25) results in Vy=V=, which is not a possible solution. Clearly, when

the termination is open, only capacitive coupling appears, and inductive coupling does
not exist. Under these circumstances, current does not flow. Therefore, from

Eq.(5.5), when I,=0 for open termination, we have

¢ M (5.26)
dt ™ odt
or
C
V,= "V, (5:27)
C
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for a sinusoidal signal. Eq.(5.27) implies that the output voltage is essentially
constant, which depends on mutual capacitance and line capacitance. Fig. 5.3.a
verifies that V=V =constant for an open termination.

It was shown that crosstalk is linearly dependent on frequency as described in

Eq.(5.24). Thus, crosstalk can be expressed as:

Yn St (5.28)
V,--S,f

where Sy and Sy are the slopes of the crosstalk versus frequency curves. Since Sy
and S are measurable from these experimental curves, experimental L,, and C,, are

obtained from Eq.(5.24) and Eq.(5.28):

L R +R S oS
m " Falv, (NS
(5.29)
c R;+R (5.-5.)
" 2miv,RE VT

5.3.2 Mutual parameter calculation

As for mutual inductance, the conventional techniques discussed in § 3.3 can
be used directly for each pattern. Fig.s 5.13 through Fig. 5.16 show a comparison
between experimental L,, obtained from Eq.(5.29) and the calculated L,, from
Eq.(3.79). As for Pattern C, the calculated curve shows a greater rate of decrease
(slope) than the real data points (Fig. 5.16). Since TOS covers both the base

substrate and printed conductor lines, the thickness of TOS on the conductor lines
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may actually be less than the thickness on the base substrate alone.
The mutual capacitance calculations will now be discussed in detail. As the
simplest case, Patterns #2 or #3 will be discussed first. A cross-sectional view of
Pattern #2 ( or #3 ) is shown in Fig. 5.17. For this structure, total mutual

capacitance can be broken up into the sum of three parallel capacitances?;
C, = C+C,+C,.

C, is the capacitance calculated above the transmission line in an air medium.
C, is the capacitance in the dielectric region only. C, is a capacitance that considers

the conductor thickness, and is approximately given by C,=e,T/D, where T is the

conductor thickness, and D is edge-to-edge line separation. Mutual capacitance
between the transmission line and ground line is neglected because the size of the
ground line is so small that its effect on the electric field is assumed to be negligible.
The expression for C, was previously discussed in § 3.2.2.

To determine Cj, first assume that all the electric field lines are concentrated
in the dielectric®**}], a reasonable assumption when the dielectric constant of the
substrate is substantially higher than that of the air. Then, the following conformal
mapping function is used to obtain new parallel strips on a half-infinite dielectric

space;

t = tanh =z (5.30)
2H
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Fig. 5.17 Mutual capacitance calculation for Patterns #2 and #3
using conformal mapping
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where H is substrate thickness. The above mapping function has been discussed in
§ 3.2.1 and gives two coplanar parallel strips with half-infinite space in the #-plane as
shown in Fig. 5.17. These strips can be transformed to the w-plane using the
Schwarz-Christoffel transformation, and the final capacitance calculation is obtained

with parameter k;:

¢ tanh _f_xl
k, - - H (531)
2 tanh —_x,
Thus, from Eq.(3.86)
K

C,-e— (5.32)
2K (k;)

where e is the permittivity of the substrate. The resultant mutual capacitance is then

K(K,) T K(')

P (5.33)
2K (k)

€ €
m " DRk

1

where k_ = xl/xz.

Fig.s 5.18 and Fig. 5.19 show comparisons between the measured (from Eq.(5.29))
and calculated mutual capacitance for Patterns #2 and #3, respectively.  The
scattering of the Pattern #2 data stems from measurement error in Eq.(5.29), where
C,, is expressed in pF and L,, is expressed in nH with the same error bound of A4Sy
and AS.. In other words, Fig. 5.18 utilises a finer scale than Fig. 5.14, and the data

appears to be more scattered. From Fig. 5.19, it can be verified that ground line
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effect on the mutual capacitance is negligible.

Now consider Pattern #1 structure which has a bottom ground plane. As a
result, two sets of electric field lines exist, forming C’3 and Cg; in the dielectric.
Clearly, this structure can be related to the stripline structure of Fig. 2.2.b, where the

half-section of the odd-mode stripline is similar to the Pattern #1 structure (Fig.

5.20.a). Cohn’s technique can then be used to calculate C, which is essentially the

same as C,,. Direct calculation from the real structure can be also tried; C’, can

be calculated by subtracting Cg; from C,;, which has been calculated in Eq.(5.32):

c, -c, - S (5.34)
3 3 2

The following transformation function may be used to obtain coplanar strips in the

t-plane:
t = coth ~_z (5.35)
2H

This function is actually an inverse transformation function of Eq.(5.30) and can also
be used to calculate C; of Pattern #2 (or #3). For Pattern #1, Eq.(5.35) should be
used for subsequent transformations. As shown in Fig. 5.20.b, the ground plane is
confined to the region between 1 and —1 on the real axis of the ¢-plane. The
Veyres’ mapping transforms the #-plane into the s-plane where only C,; exists (Fig.

5.20.c). Hence:
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N s a. z-plane
cec = o . Lo
Ground plane

t = cothnz/2H

b. t-plane

Ground plane t3 &, ty
Veyres’ transformation
c. s—plane

/ ® 3

Schwarz-Christoffel transformation

Image d.w-plane

Image

Cy= C3- Cp/2

Fig. 5.20 Mutual capacitance calculation for Pattern #1
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2
A (5.36)
3 t? -1

Thus, using the Schwarz-Christoffel transformation again, C; may be calculated (Fig.

5.20.d). When a ground plane exist, the capacitance between the ground plane and
transmission line is calculated using imaginary transmission line. Simultaneously, this
Cg is in series in the actual structure. Therefore, the total line capacitance is:

Co

1
2 2

K(K?)

(5.37)
2K (k)

where

coth ™ X,
2H

cothzzélx1 -1

coth? %{xz -1

Therefore, the mutual capacitance of interest is given by:
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C, =C, +C,+C,

KWy | 7 KW Kwy O

€ —0 ——— + €. — + €
°72K(k) °D 2K (k,) 4K (k,)

Fig. 5.21 shows a comparison between Cohn’s mapping and the new conformal
mapping. It is seen that the new conformal mapping yields a better fit, especially as
line separation increases.

Since Pattern A has an anisotropic dielectric ( TOS layer on the alumina
substrate ) it is not easy to find a closed-form solution for this case. However,
considering the structural situation, an approximation can be used. When the line
separation is very narrow, electric fields between two the transmission lines will be
concentrated at the subsurface of the dielectric substrate (Fig. 5.22.a). When a
ground plane exists, some of the electric field flux will be attracted to the ground
plane. Thus, an approximation can be carried out in such a way that the dielectric
constant of the TOS is used for pure mutual capacitance between two lines (Cy)
before obtaining the resultant mutual capacitance C’;.  As the line separation
increases, the electric field between the two transmission lines will occupy a larger
portion of the substrate if the ground plane does not exist. With the ground plane
pesent, however, most of electric flux is attracted, leaving only a small portion at the
subsurface (Fig. 5.22.d). Therefore, the second approximation can be applied in
such a manner that the dielectric constant of the TOS is used to determine C’;. Fig.
5.23 shows the two approximations and the measured mutual capacitance of

Pattern A where the dielectric constant 7.5 was used for TOS ( dielectric constant of
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Fig. 5.21 Comparison between calculated and measured mutual
capacitances for Pattern #1(with ground plane), versus
line separation
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TOS

a. Narrow line spacing without ground plane

The original electric fields are concentrated at subsurface.

Alimina substrate ’ , . . Cg

Ground plane

b. Narrow line spacing with ground plane

TOS

b. Wide line spacing
0"3 ' without ground plane

d. Wide line spacing with ground plane.

The resultant electric fields remain at subsurface.

Fig. 5.22 Mutual capacitance calculation for Pattern A.
The following approximation can be applied,
depending on line separation: Use dielectric
constant of TOS for Cj; (mutual capacitance

without ground plane) in case of narrow
line spacing, and that for ¢’; (mutual
capacitance with ground plane) in case of
wide spacing.
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Fig. 5.3 Comparison between calculated and measured mutual

capacitance versus line separation for Pattern A.

5 mils for example, the first approximation shows good agreement, while the second
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of TOS known to be in the range 7-8{! ). When the line separation is narrow, 5 mils
for example, the first approximation shows good agreement, while the second
approximation fits quite well for wide line separations.

In Pattern B, transmission lines screened onto an alumina substrate have been
covered by TOS dielectric. It is assumed again that electric flux lines between the
two transmission line are stored in the TOS layer, regardless of its thickness since the
dielectric constant of TOS is still large compared to that of air (Fig. 5.24). When
mutual capacitance is calculated with this assumption, the result gives fairly good
agreement, as shown in Fig. 5.25.

The mutual capacitance of Pattern C can be obtained by combining techniques
described above. Hence, the mutual capacitance can be expressed as!‘l:

c e c,C, (5.39)

m 12 C, +C,

where C,, is the mutual capacitance without ground, and C;, C, are self-capacitances

with ground. Thus, each capacitance is calculated independently and the resultant

mutual capacitance is obtained from Eq.(5.39). Fig. 5.26 shows each conformal
transformation for Pattern C. The calculated and measured mutual capacitance of

Pattern C versus line separation ( number of TOS layers ) are shown in Fig. 5.27.

5.3.3 Crosstalk prediction
The crosstalk model was developed in § 5.2 including ground voltage drop.
The mutual parameter calculation was performed in § 5.3 showing comparison

between calculation and experimental data. If the crosstalk model is combined with
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the mutual parameter calculation, arbitrary crosstalk can be predicted. An example

of such crosstalk prediction for Pattern #3 is illustrated in Fig. 5.28.

Ci

S -
'

TOS

P p—

A Alumina substrate
- Ce

Ground plane

Fig. 5.24 Mutual capacitances of Pattern B.
Electric fields are assumed to be stored

in TOS layer.
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Fig. 5.25 Comparison between calculated and measured
mutual capacitance of Pattern B versus number
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Fig. 5.26 Mutual capacitance calculation of Pattern C.
€y =Cz2=Ccand C5=0G-G6G/(G+C(,) .
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Fig. 5.28 Comparison between simulation and measurements
for crosstalk of Pattern #3 versus frequency.
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§ 5.4 Miscellaneous

On the assumption that termination resistance was much larger than line
resistance, line resistance was not considered in crosstalk analysis. Transmission line
resistance may contribute to crosstalk; however, as long as it is negligibly small
compared to termination resistance, the crosstalk equations in Eq.(5.17) are still valid
since transmission line is essentially lossless at low frequencies. However, when
termination resistances are comparable to the line resistance, Eq.(5.17) needs
modification due to line voltage changes along the transmission line.

The input source was sinusoidal in this research. When the source signal
becomes digital ( a trapezoidal signal, for instance ) rather than analog, output
crosstalk will show results given by Eq.(5.20). But when the rise time is not so short,
a trapezoidal input signal can be approximated in such a way that the time derivative

Vs . , AV L L
term = in Eq.(5.17) is expressed as 7 where At is equivalent to the rise time
of the trapezoidal signal. In general, at frequencies higher than 1 GHz, Eq.(5.20)
is valid®]. But depending on line length, the time derivative approximation given

above can be applied for a resonable frequency range.
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Conclusions

Crosstalk concerns are not confined to high frequency applications. It is
necessary to study low-frequency crosstalk when considering recent trends in
multilayer circuits, especially as line separations shrink. Crosstalk prediction is
therefore critical to circuit design in order to reduce such interference. In this

research, the following results were obtained:

a. Frequency dependence of crosstalk was confirmed.

b. Simple low-frequency crosstalk equations were derived, which agree
with published equations.

c. New conformal mapping techniques were developed to calculate mutual
capacitance between coupled transmission lines.

d. The effect of a ground line on mutual capacitance is not significant.

e. In a multilayer system, when transmission lines are printed on TOS,
mutual capacitance can be calculated with good accuracy for both
narrow and wide line separation. In this case, it was assumed that
electric flux between two transmission lines exist at the subsurface of
the dielectric when a ground plane exists.

f. In a multilayer system, when the transmission lines are covered with
TOS, the mutual capacitance can be calculated by assuming the

electric fields are stored in the TOS, regardless of the number of layers.
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g. Crosstalk prediction was carried out by combining crosstalk equations

with calculated mutual parameters.

A new conformal mapping technique has shown an exact closed-form solution
for Pattern #1, #2, and #3 which have a single dielectric substrate. Even though
reproducibility was not proven in this research, repeatability (Fig. 5.18, for example)
and good agreement between data and theory with many variations support this
reproducibility indirectly.

It was possible to assume that every electric field is stored in the substrate or
TOS because of their high dielectric constants compared to that of the air medium.
When a substrate or TOS with low permittivity is used, the above assumption is no
longer acceptable. In addition to this limitation, more than two layers of different
materials in a multilayer arrangement will also require modification in the conformal
mapping techniques. In conclusion, the above results can be applied, as a design
guideline, to areas such as mutilayers with conductors at many different depths and
two sided substrates. But future work is needed for more complicated fields such
as crossover metal strips, three dimensional crosstalk ( when long vertical via lines

exist ), etc..

104



Appendix

A. Conformal mapping (§ 3.2)
When w=f(z) is an analytic function, we can define

d_w = lim argﬂ (A1)
Z  Az-0 Az

where arg stands for the phase of a complex function.

Assuming that this equation is in polar form,

. 4w . aw
arglim —— = lim arg—

Az-0 Az Az-0 z (A.Z)

= lim argAw - lim argdz = «
4z-0 Az-0
where «, the argument of the derivative, may depend on z but is a constant for a
fixed z, independent of the direction of approach. To see the significance of this,
consider two curves, C, in the z-plane and the corresponding curve C,, in the w-plane
(Fig. A.1). The increment Az is shown at an angle of 8 relative to the real x-axis
whereas the corresponding increment Aw forms an angle ¢ with the real u-axis.

From Eq.(A.2)
$=-0+a (A3)

or any line in the z-plane is rotated through an angle « in the w-plane as long as w
is an analytic transformation and the derivative is not zero.
Let us consider a transmission line cross section that is defined by equi-

potential surfaces in the z-plane. To find the line parameters, we shall solve Laplace
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Ce
z—plane

Az

Zo

6
x wu
Fig. A1 Conformal transformation: angles are preserved.

Ap=¢, - ¢, = (0, + a)-(6, + @) = 6, - 6,=A8
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equation on the plane,
vip. e 3o (Ad)
ax*  3y?
subject to the boundary conditions ¢=¢; on line 1 surface and ¢=g¢, on line 2
surface. If one starts in the z-plane, and if a solution of the Laplace equation in the
w-plane is still a solution in the z-plane when transformed back into z-plane, the new
geometry in the w-plane can be used to solve the original geometry in the z-plane.

In the w-plane,

P(u,v) - Plut, y), v(x, 9] - o(x,y) (A-3)
Differentiating P(u, v) with respect to x, we obtain
o¥(u,v) JPadu s o ¥Pav
ox du ax  dv ax
2 2 2 2 2
PT_9PFu  FHuf PP udy (A6
ox? ou gx? du?l ox ou dv 9x ox

. d¥ 3% . P (av)?
av gx* ogv?lox

. 3y
A similar result holds for —- Then
ay
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or

ou

Fo 39 _ d¥, Cig 4
ax* a9y  ax? oy’

d*u . d*u
ax?  gy?

/
a_2v+é ﬂ’.+2 %ﬂ+%ﬂ ik 4 (A7)
ax* gy*) ov dx dx Jdy dy ) oJuav

& B G 5]

On the right-hand side of Eq.(A.7), the first two parentheses vanish, for ¥ and v both

LR 4

I 4
+ —
Iv?

ou?

satisfy Laplace’s equation when w is analytic. The expression in the third set of
parentheses yields zero from the Cauchy-Riemann conditions, and the same

conditions show that the two square brackets are equal®’l. The result is then
ou)?  (ouY?
ox ay

because P(u, v) is known to satisfy Laplace’s equation in the w-plane. Therefore,

Vie(x,y) = Vi®P(u,v) =0 (A.8)

when a solution of Laplace’s equation is subject to an analytic transformation, it
remains a solution of Laplace’s equation. Finally, a solution of Laplace’s equation
satisfying a complete set of boundary conditions is unique. Our transformed solution

(satisfying our boundary conditions) is the final solution.

B. Schwarz-Christoffel Transformation (§ 3.2.2)

To develop the Schwarz-Christoffel transformation, first consider the function:

dw _ A(z -a) " (B.1)
dz
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in which A4 is a complex constant, « is a real constant, and a is a point on the real x-

axis (Fig. B.1).
Y
z—plane
o

Thus, when z>a,

Fig. B.1 Schwarz—Christoffel transformation

and when z<a,

Since €/*? = cosn/2 + jsina/2 = j, (-1)"*'" = e¢7/® and

Appendix

arg ‘fi_j -arg A

-A(Z _ a)-c/r(_l)—ahr
z

-A(z -a) el

(B.2)

(B.3)

(B.4)
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We can say,
arg c‘ii_w -argAd - a z <a (B.5)
z

Since A4 is a constant, arg 4 is a constant and w therefore is represented by a pair of
straight-line segments which form an exterior angle a. From the factor e/¢, in
Eq.(B.4), we obtain one vertex of a polygon. By including n factors of this form we

may construct an n vertex polygon represented by:

O - A(z-a) " (z-b) 1 (z-c) /" o (z-n) ™" (BO)

with the constraint on the angles

a+Pry+ oo +v=2m (B.7)
By integrating Eq.(B.6) we obtain
z
w=A (z-a) **(z-b) P *(z-c)V/* e (2-n)""'"dz + B (B.8)

where B is a constant.

C. Geometric mean distance (§ 3.3.3)
In calculating the mutual inductance between straight conductors of any given

cross sections, the following integral is necessary!*ll:

J[ J[ J[ J[ Ind dxdydx'dy’ (C1)
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where dxdy is an element of the area of the cross section of the first conductor,

dx'dy’, an element of the second section, and d,the distance between these elements.

The above integral is extended first over every element of the first section, and then
over every element of the second. A distance S can be defined such that integral

of Eq.(C.1) is equal to
A,A4,InS (C.2)

when A, and A, are the areas of the two cross sections. Here S may be considered
as the geometrical mean of the distances between pairs of elements. It is evident

that the value of S must be intermediate between the greatest and the least values

of d.
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