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Abstract

An efficient two-stage technique for the calculations of the capacitance and the
conductance matrices of three-dimensional structures is developed. This technique
minimizes the computational cost and memory storage requirements ol the classical
Integral quation Method (115M). By using this technique, the cost of analyzing a
structure, consisting ol m conductors, is reduced by an order of m?2. In addition,
the memory storage requirement is reduced to that required for the solution of the
largest conductor in the structure. The results obtained show the reduction of the
computational cost and memory storage requirements. Furthermore, the results
obtained using the two-stage method compare well with those obtained using the
classical [IEM.

In addition, a two-step approximate method is used for the extraction of the
frequency dependent inductance and resistance matrices of three-dimensional struc-
tures. This two-step method is based on the Partial Element Equivalent Circuit
(PEEC) method and the filaments approximation. The self inductance and resis-
tance of each conductor in isolation are calculated using the PEEC method. The
mutual inductances among the conductors are approximated using filaments ap-
proximation. Similarly, the computational cost is reduced by an order of m?2, for a
structure consisting of m conductors. The memory storage requirement is reduced

to that required for the solution of the largest conductor in the structure. Results



obtained using this method compare well with those obtained using the classical
PEEC method.

Farthermore, the electrical parameters of some printed circuit bhoard (PCB)
structures obtained using the two-stage technique and the two-step approximate
method are employed in the caleultations ol crosstalk, ground-noise and radiated
emissions. PCB structures are modelled using transmission line and Tumped-cireuit
modelling. Transmission line modal analysis and HSPICE circeuit simulator are used,
in frequency and time domains, to obtain the voltage and current distributions on
the traces of PCBs. The radiated fields are then caleulated in the frequency domain

using a simple radiation model.
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Chapter 1

Introduction

In computer-aided design and analysis of high performance mtegrated circuits,
it is important to study the elfects of packaging and interconnections on signal in-
tegrity. The coupling among the stray interconnection which have extremely small
physical dimensions strongly allects the performance of circuits, such as in dynamic
memory cells, chip carriers and packaging connectors [1]. Careful control of pack-
age parasitics leads to improved circuit performance. The objective of this thesis is
to consider methods and develop new techniques for the extraction of the package
parasitics and to study the application of these electrical parameters in the sig-
nal integrity and EMC analysis. The four quasi-TEM electrical parameters which
completely describe multiconductor structures are capacitance, inductance, resis-
tance and conductance matrices. A review of the main numerical techniques used
lor parasitic extraction, namely, the integral equation method, the partial element
equivalent circuit method and the finite element method is presented in Chapter 2.
In addition, some of the less general methods and those methods developed for spe-
cial geometries are discussed. The application of each method to practical structures
with reference to the literature is then outlined.

In the integral equation method (IEM), the problem is formulated in terms of

the charge distribution on the boundary for the capacitance and conductance cal-



Chapter | Introduction

culations; and in terms ol the cuwrrent density [or the inductance and resistance
calculations.  Therefore, for the capacitance and conductance calculations, only
the interlacing surfaces need to be discretized into surface clements. The open
region problem is automatically handled by the 1I5M analysis. In the partial cle-
ment equivalent circuit method (PIEC), capacitances are obtained using a three-
dimensional boundary clement method and the inductances are calculated using a
volume-clement integral equation formulation and general circuit network theory.
For the finite element method, the potential distribution throughout the region is
obtained. Therefore it requires the discretization of the entire domain of interest,
with a special treatment for the open region problem.

In general, the numerical calculation of the electrical parameters of arbitrary
three-dimensional geometries is very costly and requires very large storage memory.
Various attempts have been made to reduce the memory storage and computational
time required to calculate these parameters. However, these attempts are usually
made for special geometries [2, 3, 4, 5] or do not result in considerable savings in
the computational cost [6], [7] or in memory requirements [1], [8].

In this thesis, two approaches are developed to minimize the computational cost
and memory requirements for the numerical calculations of capacitance, conduc-
tance, inductance and resistance matrices of arbitrary three-dimensional structures.

The proposed approach for the capacitance calculation, based on the integral
equation method, is presented in Chapter 3. The capacitance matrix of a three-
dimensional multiconductor, embedded in a homogeneous dielectric medium, is cal-

culated in two stages. In the first stage, the structure is divided into sections. Then,
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the integral equation method is used to obtain the charge distribution on cach sce-
tion in isolation from all other sections. In the second stage, the charge distribution
obtained in the first stage is used to calculate the change in the total charge stored on
cach conductor in the environment ol the whole system. A comparison hetween the
classical [IEM and the proposed method with respect to the computational cost and
memory storage requirements is included. This comparison shows that the compu-
tational time and memory storage are significantly reduced. Results obtained using
the new method compare well with those based on other technigues.

In chapter 4, the two-stage method presented in chapter 3 is extended to the
extraction of the capacitance and conductance matrices of conductors embedded
in arbitrary dielectric materials. The capacitance and conductance matrices are
calculated in two stages. In the first stage, the structure is divided into blocks.
Each block consists of a single conductor and all the dielectric-dielectric interfaces.
The IEM method is then used to separately solve for the charge distribution on each
block, thus neglecting the effect of all other blocks in the structure. In the second
stage, the coupling among the conductors is included with the application of the
IEM to the whole structure.

The frequency-dependent inductance and resistance matrices extraction of three-
dimensional multiconductor system is included in chapter 5. The inductance and
resistance matrices are calculated in two step. In the first step, the partial elements
equivalent circuit method, (PEEC) [9], is used to calculate the self inductance and
resistance of each conductor in isolation of all other conductors in the system. Then,

in the second step, The filaments approximation given by Grover [10] are used
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to approximate the mutnal inductances among the conductors. The results are
included and compared with those obtained using the partial element equivalent
circuits method applied to the whole structure.

In chapter 6, the clectrical parameters obtained in the previous chapters are
employed in the quasi-static calculation of crosstalk and ground-noise in printed
circuit boards (PCBs). [Purthermore, radiation emissions from traces in PCBs are
calculated using the current distribution obtain in the crosstalk analysis.

The near-end and far-end crosstalle voltages on the transmission lines are cal-
culated by modal analysis and Tumped-clement model which is analyzed using
HSPICLE [11]. Ground-noise is calculated using a lumped-element approximations
model . The time-domain response of the system is obtained from the [requency-
domain response using Fourier transformation algorithm and by the transient anal-
ysis using HSPICE. The radiated field is calculated using the current distributions
obtained from the crosstalk analysis and a simple radiation model.

Finally, the conclusions of this work is included in Chapter 7.



Chapter 2

Literature Review

This chapter presents a review of numerical methods employed (or the caleu-
lations of the capacitance, conductance, inductance and resistance matrices of an
arbitrary multiconductor system. Multiconductor transmission line models can be
generated using these parameters. These models can then he used to analyvze various
clectrical circuit behaviors that can be classified as signal integrity problems such as
crosstalk, ground noise and bounce, dispersion and susceptibility [12]. Furthermore,
the currents and voltages obtained using the transmission line models can be used to
calculate the electromagnetic radiation and the electrical circuits compliance with
the electromagnetic compatibility (EMC) compliance standards.

Three principal numerical techniques, namely, the integral equation method,

the partial element equivalent circuit method and the finite element method are
considered. Some of the less general methods and methods for special geometries
are also discussed. In addition, the application of each method to practical structures
with reference to the literature is outlined. Furthermore, some attempts to reduce

the memory storage and computational time required to calculate these parameters

are included.



Chapter 2 Literature Review

2.1 Statement of the Problem

Consider a system consisting of m arbitrary ideal conductors embedded in a
multiple diclectric region. The objective is to determine the electrical parameters of
the system and to include some of the application of these parameters in the signal

imtegrity and IEMC analysis.

2.1.1 The Capacitance and Conductance Matrices

The complex capacitance matrix ol such a system is an m x m symmetric matrix
C that represents the capacitance and conductance matrices ol the system. The
real part of the complex matrix, Re(C), is the capacitance matrix of the system;

A

the imaginary part, Im(C), represents the conductance matrix of the system, or

the dielectric losses. The 45 element of the matrix is the free charge on the it
conductor when all conductors except the 7% conductor are grounded and the 5
conductor is charged to a potential of 1 V. Hence, the elements of the capacitance

matrix can be determined by relating the free charges on the conductors to the

potential of these conductors.

2.1.2 The Inductance and Resistance Matrices

The inductance of such a system is an m xm symmetric matrix L, and the resistance

is m x m diagonal matrix R. The two matrices can be obtained from the m x m

impedance matrix Z, where Z = R4 jwL = Y~'. The 15" element of the Y matrix
“th

is the amount of current that flows on the #** conductor when all conductors except

6
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g

the j jih

" conductor are grounded and the % conductor is charged to a potential of | 1.
Hence, the elements of the Z matrix can be determined by relating the currents on
these conductors to the potentials of the conductors.

Caleulating the capacitance, inductance and resistance matrices of multiconduc-

tor structures can be done using a variety of numerical techniques available in the

literature. Some ol these numerical techniques are presented next.

2.2 Integral Equation Method (ITEM)

The integral equation method is the most widely applied method [or the extrac-
tion of capacitance and inductance matrices. The main advantages of this method
are; its efficiency, simplicity of data preparation and automatic handling of open
regions. The conductor surface and dielectric-dielectric interfaces need to be dis-
cretized when the free space Green’s function is employed. By using a geometry
dependent Green’s function, only the conductor surfaces need to be discretized.
However, the IEM formulation results in a dense matrix. This formulation limits
the number of elements that can be accommodated due to the long solution time

and large memory storage requirements.

2.2.1 Capacitance Calculation

All the conductor surfaces and dielectric-dielectric interfaces are replaced by un-
known charge distributions and a potential distribution equivalent to that of the

original system [13], Flig. 2.1. The charges consist of free charges on the conductor

=~I
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surlaces, [ree and polarization charges on the conductor-dielectric interfaces and po-
larization charges alone on the dielectric-dielectric interfaces. The potential at any
point is due to the cumulative effects of all present charges. The potential at any
point r arising [rom a unit source charge at » is given by

o(r) = ! '(,}'(7",7"')0(}7"’)(1.5" (2.1)

o /s
where G(r, 1) is a proper Green’s [unction, a(r’) is the unknown charge density and
¢y is the permittivity of [ree space.
Once the charge density o(r) has been obtained, the total charge on ecach con-

ductor, ()7, can be calculated [rom

Qr = /%a’(?"')d,sl (2.2)

Free and polarization charges
Polarization charges only

Figure 2.1: Charge distribulion on the interfaces.
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2.2.2 Inductance Calculations

The inductance matrix for a two-dimensional system, can be obtained directly from
the capacitance matrix [14], using the following equation:

|

foco

L= [Co] ™! (2.3)

where Lis called the lower bound inductance or the inductance at infinite frequency.,
to and ¢y are the permeability and permittivity of the [ree space, respectively, and
[Co] is the capacitance matrix obtained alter removing all diclectric materials in
the system:; i.c., the capacitance matrix lor a system consisting of only perfect
conducting materials.

The quasi-static analysis can be used to estimate the inductance as frequency

dependent parameter. The vector integro-differential skin-effect equation is:

J(7) _I_ JUw /, l J(]) CZ'UI — _ v C/)(7) (24>

o 4r r—r
where J is the unknown current density, o and p are the conductivity and the
permeability of the material, respectively, and ¢ is the potential imposed on the
conductors.
The unknown current density distribution, J, is to be evaluated for a given
geometry and potential excitation ¢. The inductance may be calculated from the

following equations

/AJ@:LP (2.5)

([ dawp = 12 (2.6)

9
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To solve (2.1), the homogeneous solution for J is evaluated; with the right hand side
equals zero. Laplace’s equation is then solved [or ¢ for a given potential excitation,
and hence 57 ¢ is determined.

Practical systems with nonhomogeneous media can be handled by one ol the
following two approaches: A) The geometry dependent Green’s function approach

or BB) The interface integral equation approach.

2.2.3 The Geometry Dependent Green’s Function

The [ree-space Green’s function may be modified to incorporate the effect ol the
diclectric-dielectric interfaces and the ground plane. Using this approach, only the
conductor-dielectric interfaces need to be discretized and there is no need to truncate
wide ground conductor and dielectric layers. Therefore, the interaction matrix is
reduced in size and requires less time to be solved but each matrix element now
takes additional computing time. However, the required Green’s function can easily
be found for some special systems such as: dielectric slab microstrip, homogeneous
strip line configuration and other structures in which all dielectric interfaces and
ground planes are planar, parallel, and infinite in extent. Green’s function becomes
very complicated as the number of layers increases. In general, finding the geometry
dependent Green’s function is difficult, making this approach impractical. The form
of Green’s function, for a special structure, may be determined from the interface
boundary condition, together with image theory [15], transverse transmission line

theory [16], or Fourier integrals [17].
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The geometry dependent Green’s function has heen employed in various forms by
many researchers. Weeks [13] approximated the surface charge density by piecewise-
linear functions. He solved the Green’s function for several transmission line config-
urations by applying a least squares minimization procedure to the integral equa-
tion. The capacitance of thin finite conductors on a dielectric sheet is calculated
by Patel[17]. Taylor ¢t al. [1] solved for the three-dimensional crossover capacitance
between multilevel skewed circular lines above a ground planc. The charge density
around the cylindrical conductor at any particular cross section was assumed con-
stant. In addition, the dependence ol the mutual capacitance on the intersection
angle of the lines was investigated. Ning et al. [3] developed a three-dimensional
boundary elements method for lines on a dielectric above a ground plane, in which
the charge distribution is modeled by piecewise-linear trial functions. Thus the mul-
tiple integrals defining the system matrix elements were reduced to a single integral.
Wu and Wu [2] employed structural symmetry and periodicity to reduce the number
ol unknowns in the problem; hence, reducing the memory storage requirements and
computational cost. They introduced modified Green’s functions which account for

the symmetry and periodicity of the system.

2.2.4 'The Interface Integral Equation Approach

The Green’s function used in this approach is the simple free-space Green’s function.
A clear advantage of this approach over the geometry dependent Green’s function

technique is that this approach can handle systems with arbitrary configurations.
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The main disadvantage is that the system matrix size is increased by the discretiza-
tion of the dielectric-dielectric interfaces. In this approach all dielectric-dielectric
interflaces are replaced by distributions ol polarization charges that are considered
to exist in [ree space. The lollowing integral equation may be dervived by applying

the boundary conditions at the dielectric-dielectric interfaces

N
)
—

oy s 1 — Gy [ OGH (. r! .
(/li_%— ¢ 20_(7‘/) . ¢ ] V ¢ 2 / O (]/'\,] )0_(7./)([7./ — 0
2¢o ¢o - dn

where the divection of the normal 7 is into medium 2, and ¢, and ¢,» are the
permittivities of medium I and 2, respectively.

The interface integral equation approach has been used by various researchers.
T'wo and three-dimensional microstrip configurations were investigated, by McDon-
ald et al. [18] and [19], using variational solutions of the integral equations. The
inclusion of special trial functions to handle singular field behavior near edges and
corners improved convergences, especially when the functions are accurate. A sim-
plified functional formula corresponding to the interface integral equation in two-
dimensions is given by Jeng and Wexler [20]. They have treated three-dimensional
problems by the same variational approach. This method allowed higher-order mod-
elling of curved boundaries as well as higher-order polynomial trial functions for the
unknown quantity [21]. The integration of the kernel over a curved boundary led
to the finite error in the previous paper [21], and a technique using appropriately
weighted Gaussian quadrature to integrate these kernels was detailed by Lean and
Wexler [22]. In particular the handling of kernels with In | r | and »~1 behaviors is

detailed.



Chapter 2 Literature Review

Gopinath and Silvester [23] used an integro-differential skin-effect formulation
to evaluate the inductance of arbitrary-shaped finite-length conducting strips over
a ground plane. Smith and Cange [21] dealt with an open microstrip structure
with finite-width dielectric in two-dimensions and investigated the effect of placing
a signal line close to a dielectric edge. Wei et al. [25] calculated sell and mutual
capacitances and inductances ol transmission line systems over an inflinite ground
plane, in two-dimensions. The dielectric interlaces allowed must be parallel to the
ground plane. Three-dimensional structures were analyzed by Rao et al. [14] using
a similar formulation. The charge was approximated using piccewise-constant trial
lunctions on triangular subdomain with point matching for testing. The method
ol Wei et al. [25] was extended by Harrington and Wei [26] to account for shunt
conductance. Series resistance was estimated by applying a perturbation method
to each mode of the transmission line system. Venkatarman et al. [27] analyzed
multiconductor transmission lines in multilayered lossy dielectric regions with a
ground plane of finite extent. All surfaces and interfaces were considered as interfaces
so that the interface equation alone would be sufficient to model a complete system.
Interfaces of arbitrary orientation were allowed. Arbitrary geometries were modeled
by Vekuda et al. [28] using just one boundary element method equation over multiple
regions. The charge was approximated by linear discontinuous elements, and all
integrations were done numerically with optimally computed integration orders.
Nabors and White [1] presented a general three-dimensional capacitance extraction
algorithm, FASTCAP. The multipole algorithm developed by Greengard [29] and

an iterative matrix solver was used to reduce computation time.
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2.3 Partial Element Equivalent Circuit Method

In this three-dimensional technique all conductors in a system are broken down
into rectangular cells. The equivalent electrical circuit is obtained by computing
the partial capacitances and inductances among these partial conductors, resulting
in a mesh of circuit clements. Ruehli [30] developed the method to analyze three-
dimensional multiconductor systems which could be described in terms of rectan-
gular conductors or portions ol a conductor. Self and mutual inductances between
rectangular cells, or partial elements, were computed using the basic definition of
inductance applied to small parts of a conductor loop, Iig. 2.2. The current flow in
any two cells was assumed to be parallel or orthogonal; in the latter case the mu-
tual inductance is zero. Another fundamental assumption was that current density
should be constant over the cross section of any cell. The partial mutual inductance

between the i** and the j*segments is given by

Li] Z Z b/s,m Phm (28)

k=1 m=1
where K and M are numbers of elements on the 7™ and the j** segments, respectively,
Sem represents the sign associated with the particular partial inductance and it

depends on the direction of current flow in the segment, and

i z/m , )
- / / 'f Tdbedln |y i, (2.9)
um Jup | T —

Pk
i /l/( Ay T'm f

which can be evaluated using the filament approximations given by Grover [10].
The concept of partial capacitance, based on the three-dimensional boundary
element method, was employed by Ruehli and Brennan in the calculation of capac-

14
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M cells

N
N
N
\:

Pigure 2.2: Volume meshing for the inductance caleulalion using the PERC method

itance ol three-dimensional structures [31]. As a result, the carlier formulation for
inductance calculations was generalized to include both resistance and capacitance
matrices [5]. This extended analysis technique is called the partial element equiv-
alent circuit (PEEC) method. The capacitance matrix is calculated using surface
integral equation formulation and the inductance and resistance matrices are ob-
tained using integral equation formulation. By using this method, it is possible to
determine the resistive, inductive and capacitive parameters of an interconnection
system, with the restriction on the geometry arises from the Green’s function ap-
proach to the capacitance calculation. This restriction stipulates that surfaces of
conductors must conform with the Cartesian coordinates and thus it can be ap-
proximated by rectangular cells. In addition, all dielectric-dielectric interfaces and
ground planes are assumed to be planar, parallel, and infinite in extent.

The frequency-dependent resistance and inductance of an L-shaped conductor
were also investigated [32]. Additionally, a good agreement was obtained between
measurement and responses from a PEEC solution for conductive loops - located

on a dielectric substrate - for pulses with last rise times [33]. The inductance of
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a ground plane and connectors in high-performance computer hardware were ana-
lyzed [9]. IFurthermore, Wu et al. [34] used the PEIIC method to obtain the resistance
and inductance ol three-dimensional multiconductor interconnection structures. Na-
mon [3] used the multipole expansion technique, to minimize the computational cost

of obtaining the inductance and resistance, of multiconductor structures.

2.4 Finite Element Method (FEM)

The potential distribution throughout the region of interest is calculated by the
discretization ol the region into a mesh. The mesh generation is a very compli-
cated process and for open-region problems it is necessary to truncate the mesh at
a finite distance. The meshing of the whole domain results in a very large num-
ber of unknowns and the solution of the problem is very costly and requires huge
memory storage. The main advantage of this method is its capability of handling

nonhomogencous media; since each element may have its own material properties.

2.4.1 Capacitance Calculations

The FEM seeks the solution to Laplace’s equation through the minimization of the

function

F= %/(e T é. 7 ¢)dv (2.10)
or
F= é/D.Edv (2.11)

[6
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where E = — 7 ¢, D = ¢E and v represents the whole space. 17 is equal to the
electrostatic energy ol the system.
Field energies may then be computed for each set of potential conditions and

the capacitance is determined [rom

N
8V
—

.
F = Vi (:

where V is the set of enforced potentials and (s the capacitance. For a multicon-
ductor system with one volt applied to the i conductor and all the other conductors

in the system grounded, the capacitance is given by

Cy.j'/' = / Di.Ejd'U (213)

2.4.2 Inductance Calculations

The inductance matrix is computed from the field obtained by setting a unit current
flow in one conductor and leaving all other conductors open [35]. Let H, be the

particular solution of Ampere’s law

v x Hy = J; (2.14)
where the current density J; satisfies

A Jidv = 6;; (2.15)

0;; =1 if i=j and 6;; = 0 otherwise.

The total magnetic field satisfies

H; = Hy; + 7 (2.16)
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The particular solution H,, is computed locally by assigning tangential values of H,

to satisly Ampere’s law. The homogeneous solution i satislies the Poisson equation

o
~1
o

V./L \V4 ’(;’f’; ==V -/’fH'/)i (

where g is the permeability of the materials.

The inductance matrix of the system of conductors is given by
L = / B..H,dv (2.18)
U

where B; = pH; is the magnetic flux density.

The finite element method has been applied to extract the capacitance and in-
ductance matrices for two and three-dimensional systems. Olson [36] applied the
finite element method program FIERCE to very general two-dimensional systems
and obtained capacitance, inductance and resistance matrices. Cottrel and Bu-
turla [37] explored the line-to-line coupling capacitance and crossover capacitance
using a three-dimensional simulator. They also studied the effects of the parasitic
coupling capacitance in the noise margin of logic and memory circuits. Additionally,
Nayak et al. [38] used a two-dimensional FEM simulator to study signal propagations
along coupled, lossy, thin-film microstrip lines. In this work, Poisson’s equation was
solved using a sinusoidal steady-state analysis to produce a frequency-dependent
admittance matrix. Two and three-dimensional FEM for the quasi-TEM analysis
of arbitrary interconnection structures was presented by Chou et al. [35]. They ob-
tained the capacitance and inductance matrices of multiple coupled lines and lines

with three-dimensional discontinuities.



Chapter 2 Literature Review
2.5 Finite Difference Method (FDM)

IFor the finite-difference method, the potential distribution throughout the region
must be determined in order to obtain the charge distribution on the conductors.
The I'DM starts by surrounding the conductors with artificial boundaries. The
artilicial boundaries are chosen to be sulliciently [ar away [rom the conductors to
allow a zero Dirichlet condition as an acceptable approximation. Then, the domain
ol interest is discretized into a grid to approximate Laplace’s equation. Next, the
derivatives in Laplace’s equation are replaced by divided differences, relating ap-
proximations to the potential at adjacent grid points. For a regular Cartesian grid,
the potential at each point, ¥ (2;,y;, z;), can be used along with its six neighboring

points to write six approximate directional derivatives of the potential [39],

b b+ Ry, z) — (@, vi, %)

aCL’H_ - h ’
O (= oy, w) — (s, v, )
Oz h

O blxnyi + by z) — (i, 2)

i - h ’
R (g — hyz) — Plas, s, 2)
Byi_ - h

9 _ Y@y 2+ h) =,y 2)

0ziy - h ’
b iy, z— b)) — Pl vi, )
0217_ - h

These quantities are combined for a cubic volume enclosing the n grid points, giving

the linear system
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The linite-difference method has been used by Tavlor ¢f al. to obtain the ca-
pacitance of parallel [40] metalization lines. Fictitious boundaries were introduced
to truncate infinite domains and the potential at these boundaries was estimated
iteratively for cach set of excitation voltages. Zemanian et al. [6] used a domain-
contraction technique with the 1'DM to compute the capacitance for VI.SI/ULSI
mterconnections. The semi-infinite domain in the three-dimensions was represented
by terminating capacitors. This approach leads to a major reduction in the number
of nodal points required. A facility for modeling round edges and corners was also

included.

2.6 Methods for Special Geometries

Various methods have also been developed for highly specialized applications
such as high voltage power application. Chow et al. [41] developed the optimized
simulated charge method to obtain the capacitance matrix of conducting bodies and
the potential field around them. The method used is based on an optimization of
the classical method ol images and it can be applied to any arbitrarily shaped con-
ducting body. Chow and Yovanovich [42] showed that the capacitance is a slowly
changing function of the conductor shape. They tabulated a shape factor, which is

independent of the conductor size, for various conductor shapes. This shape lactor
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can be used to estimate the capacitance of conductors of arbitrary size and shapes
with both convex and concave surfaces. Furthermore, a set of formulas has been
developed, based on the shape factor for high voltage power applications [13], to
estimate the induced voltage, cmrrents and charges for conducting bodies under uni-
form and quasi-uniform electric fields . Maruvada and Hytenca [44] described a
computer program [or the calculation of a single conductor-to-ground capacitance.
Its formulation is based on the method of images and the charge simulation method.
They have obtained the capacitance for a number of basic electrode con figurations
used in high voltage power applications. A three-dimensional capacitance extraction
algorithm which is suitable for parallel computers was developed by Guerrier and
Sangiovanni-Vincentelli [45]. Grover [10] gave a nice collection of simple formulas
based on filament approximation which can be used in the self and mutual induc-
tance calculation of simple structures. Goldfarb and Pucel [46] presented a simple
model for the inductance calculation of a via hole in a microstrip structure. The
model is based on the simple formulas given by Grover [10]. More references can be

found in [25].

2.7 Methods for Reducing Cost and Memory

Requirements

Various attempts have heen made to reduce the memory storage and compu-

tational time required for the analysis of multiconductor structures. A geometry
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dependent Green’s function for a particular structure was used to reduce the size of
the matrix system, thus reducing the memory storage required and the cost of solv-
ing the system [2, 3, 13, 15, 17]. The filament approximations given by Grover [10]
are employed in the inductance extraction, using the partial element equivalent
circuit method [30, 32, 33, 9, 34]. Zemanian et al. [6] introduced the usage of ter-
minating capacitors to represent the infinite domain; hence, reducing the number
ol nodal points required for the capacitance extraction using the linite dillerence
method. Cangellarvis ¢t al. [T] combined the finite element method with the integral
equation method to calculate the [requency-dependent inductance and resistance
matrices, [or three-dimensional structures in high-speed interconnect systems. The
IEM method reduces the number ol equations required for the solution and, at the
same time, the non-linear regions can be represented by the FEM. The computation
time required to evaluate the Green’s function integral equation is reduced by using
the multipole expansion technique [1, 8].

The number of unknowns in a system can also be reduced using entire-domain
basis functions for expansion of the unknown surface currents and charges. The
entire-domain basis function should incorporate as closely as possible the physical
conditions of the actual surface currents and charges. If the basis function used
closely resemble the unknowns to be represented, the numerical solution will yield
results of increased accuracy using far fewer number of unknowns [47]. However,
constructing a complex expansion function can be achieved for limited geometrical
configurations, making this method impractical for the EMC analysis.

Baghy et al. [48] used the entire domain basis function method of moments to
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analyze coupled microstrip transmission lines. They utilized entire-domain basis
[unctions which incorporate appropriate edge conditions for transverse and longitu-
dinal current components. Ilejase [49] obtained the current distribution and radia-
tion pattern ol a printed wire loop antenna using an entire-domain moment method

and a rigorous Fourier series expansion for the current distribution.

2.8 Methods for Solving Large Electromagnetic

Problems.

Schwering et al. introduced the diakoptic theory for multielement antennas in
free space [50] and its modified version [51]. In the diakoptic method, the antenna
system is divided into its individual structure elements. Each element is assumed
to be excited by the currents which are impressed at its terminal and by the electric
fields resulting from the currents and charges on all other elements. Impedance
matrices and field-coupling matrices form the complete impedance matrix of the
diakopted antenna. Enforcing continuity of the currents and equality of the scalar
potentials at all interconnections between the elements yields a system of linear
equations for the junction current and input impedance of the antenna. Butler [52]
presented iterative method for computing open-port current on a structure and its
application on obtaining open-port impedance elements characteristic of the diakop-

=4

tic structure. V. Amoruso and F. Lattarulo [53] applied the diakoptic theory for

the calculation of the capacitance of large structures. Large structures are broken
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up into small elements. Charge transfers and potential equalitics are enforced at
the node of cach restored junction. P. Naylor and C. Christopoulos [54] presented a
comparison between the time-domain and [requency-domain diakoptic methods for
solving field problems by transmission line modeling('T'LM).

The spatial decomposition technique of Umashanker [55, 56] is similar to the
diakoptic theory of Schwering, in that it takes the complex structure and divide
it into small sections. The small sections are assumed to be separated by virtual
surlaces across which cancelling ol tangential clectric and magnetic currents are
postulated. The method of moments is sequentially applied to cach section and the
solutions are then iteratively matched at the boundaries until a convergent solution
is obtained. This technique has been applied to large scatterer problems.

Howard [57] used the multilevel moment method for the analysis of large MIC
and MMIC structures. The multilevel moment method breaks up the problem into
many levels of smaller problems for its solution. Each smaller problem is then solved
in isolation using classical method of moment. Generalized basis transformation
technique is used to enable the more complicated expansion function of the higher
level to be described in terms of pulse basis functions. The basis transformation for
arbitrary source distributions can also expand the weighting (or testing) functions,

in the same manner as the basis fuctions, resulting in a variational solution.
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2.9 Signal Integrity Analysis

Signal integrity analysis on printed circuit hoards and cables starts with the
calculation ol the clectrical parameters of the structure. The structure can then
be modelled as a multiconductor transmission line to study its overall performance.
Crosstalk and ground-noise can be significant functional problems on printed circuit
boards. The study of these two aspects, in addition to attenuation and time delay,
can be carried out using SPICE [58] lumped-clement models and the transmission
line modal analysis [59].

Paul [60, 61] presented a transmission line model for the prediction of crosstalk
involving twisted-wire pairs. The model is valid for low frequencies which separates
the total coupling into inductive and resistive coupling. Yen et al. [62] represented
the skin-effect behavior of the resistance in time-domain by simulating its physical
behavior by a lumped-circuit. This model accounts for the frequency effect by
including additional inductances and parallel resistances that have a total value
equal to the dc resistance. Poltz et al. [63, 64] developed a computer-aided design
algorithm for the analysis of printed circuit boards with particular emphasis on high-
speed transmission line propagation and crosstalk effects. Khan and Costache [65]
modeled crosstalk on and radiation from printed circuit boards using the finite
element method and the transmission line analysis. Dinh et al. (66, 67] analyzed
the skin effect in time-domain using the partial element equivalent circuits method
in two-dimension to calculate the input impedance. Also Ladd and Costache [68]

studied the effect of the additional tracks grounded by vias on reducing crosstalk.



v

Chapter 2 Literature Review

Additional references can be found in [69, 59]

2.10 Conclusion

A review ol numerical modelling techniques for multiconductor structures is
carried out. Compared with the FISM and 1I'DM, the TEM has much simpler data
preparations and requires less computational time and memory storage. Hence, it
is possible to use more sophisticated discretization schemes, such as a nonlinear
clement size, near charge singularities [70]. In addition, open regions are automati-
cally handled in the IEM whereas the 'EM and the FDM require truncation of the
problem space and other special treatments for the open region problems. The I[EM
provides the same accuracy as the FEM with fewer elements [71]. For inductance
calculations, the PEEC method is the most efficient technique as it combines the

versatility of the IIXM with the simplicity of circuit analysis.
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The Capacitance of Perfectly Conducting

Structures

This chapter presents an efficient two-stage approach for the capacitance calcula-
tion. This new approach, based on the Integral Iiquation Method (115M ), calculates
the capacitance of three-dimensional ideal conductors in two stages.

For a structure consisting of m arbitrary shaped conductors, the solution pro-
ceeds in two stages. In the first stage, each individual conductor is considered sep-
arately. The surface of the 7% conductor is discretized into small patches. The IEM
is then used to solve for the charge distribution on the 3 conductor. In the second
stage, the multiple interactions (coupling) among the conductors are included by
applying the IEM to the whole structure. For each conductor, the charge distribu-
tion obtained in the first stage of the solution is used as a discretized entire domain
basis function. The order of the interaction matrix is thus reduced to the number
of conductors in the structure. This approach results in an accurate capacitance
matrix in spite of the possibility of large error in the charge distribution. In general,
the ovder of accuracy for the charge distribution depends on the relative positioning
of each conductor with respect to the others. An accurate charge distribution can be

obtained using iterative methods. Using the new approach to solve for a system of

=1
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conductors, the maximum memory storage required is equal to the memory required
for the solution of the largest conductor in the system. The computation cost is not
much larger than the total cost of solving for cach conductor separately or solving
for one conductor of identical system ol conductors (¢.c., array ol connectors).

The statement of the problem is given in the next section. The integral equation
method employed in the capacitance calculations (or three-dimensional multiconduc-
tor system is described in section 3.2, Next, section 3.3 illustrates the proposed ap-
proach. Then comparison between the classical 1M and the two-stage method, with
respect to the computational cost and memory storage requirements, is included. It
shows that the computational time and memory storage are significantly reduced.
Finally, section 3.4 demonstrates the results obtained using the new method. They

are then compared with those obtained using the IEM and FASTCAP [1].

3.1 Statement of the Problem

Consider a structure consisting of m ideal conductors embedded in a homoge-
neous dielectric material. The objective is to determine the capacitance matrix of
the system [Cj;]. [Cj;] is a symmetric m x m matrix where the positive diagonal
entries Uy, represent the self capacitances and the negative off-diagonal entries, C;;,
represent the coupling between conductors 7 and 5y =1,2,.m,j #i.

The 15" element of the capacitance matrix is the free charge on the :** conductor

when the potential on the j* conductor is 1V and all other conductors are grounded.



Chapter 3 The Capacitance of Perfectly Conducting Structures

3.2 Analysis

Consider a structure consisting of m ideal conductors embedded in a homo-
geneous diclectric medium with constant permittivity ¢ Its capacitance matrix
calculation is equivalent to solving for the conductor charges in m potential prob-
lems. The potential in the conductors is specified in these problems and it must

satisly Laplace’s equation in the region ol interest.

3.2.1 The Equivalent Charge Formulations

The exterior Dirichlet problem [or the potential ¢ is

Vi(r) =0, reV; (3.1)
$(r) = v(r), reS.: (3.2)
lim ¢(r) = 0 (3.3)

where V is the domain of interest, S is the surface of the conductors, v(r) is forcing
function on the conductors which has a value of either one or zero.

For the capacitance calculations only the total charge induced on each conductor
is required.

By using the equivalent charge formulations, the conductor surfaces are replaced
by a surface charge layer 0. The electrostatic potential at any point in the space is

then given by [13]
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»
o) e ses, (3.1)

where S, is the sutface of the conductors and o () is the unknown charge density
which may be determined by imposing the boundary conditions. The potential of

the conductors v(r) in (3.2), is given by

: alr” , , :
'z,v(')") — / —-———()————(/,b'/., e blf (33)
‘ Js. Ame | r—a ]

This is the I'redholm integral equation of the fivst kind [72] for the unknown surface
charge density o. The solution of (3.5) for o gives the matrix entries, by integration

over the conductor surfaces.

3.2.2 The Integral Equation Discretization

The integral equation method commences with the discretization of the surface of
the conductors into N small patches. The unknown o is approximated as a linear
combination of a set of N linearly independent expansion functions W;(r) with the

weights A,

o(r) = i‘ A;W(r) (3.6)

1=1

where W; are non-zero only on the j* patch,
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_ | v € patch j; .
W;(r) = (3.7)

0 otherwise.
Substituting the expansion (3.6) into (3.5) gives the residuals,

N AW
Ri(r) = z>(7‘)~L Z———"H"(l )

187, re S, 3.4
Jso i dwe | =0 l( ! (
J=

o
-
e

e

A good approximate solution which can minimize R,(r) can be obtained using the

point matching testing.

3.2.3 Point Matching Testing

The point matching technique produces a linear systemn for the unknowns Aj’s by
forcing (3.8) to hold at the centroid of the conductor patches. The weight A;

represents a constant charge density on the 5% patch, such that

Aj=14 (3.9)

a;

where ¢; and a; are the charge and area of the j** patch, respectively.
Applying the point matching testing on (3.8) and substituting for A; from (3.9)
result in a system of N linear equations for the patch charges in terms of the con-

ductor potentials

1 g L
o(r) =-—>Y 2| ——da ;€ 85. 3.10
o(ri) dmre JZ:; a; /aj | 7 —r! lca 7 ( )
or in a matrix form,
Pg=V (3.11)
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where P is a square matrix of order N, which is the number of patches. Its entries

are given by

| : |
piy = —— / ! (3.12)

'17((15 patch g ‘ = 7 |
q and V are column vectors (cach) ol order V. Their entries are, respectively, the
unknown charges and the enflorced potentials.

The dense linear system of equations (3.11) can be solved lor the surlace charge

Sth

distribution from a given set of patch potentials. To compute the 74 column of the

capacitance matrix, (3.12) must be solved for ¢; given a 'V vector where vy = 1 il the
“Lh

k" patch belongs to the j¥ conductor, else v, = 0. The 7™ term of the capacitance

matrix is computed by summing all the patch charges on the i conductor, that is
Cij=.q, , k€ (3.13)
i

Thus, using the integral equation method, an N x N system ol equations (3.12)
must be solved to compute the capacitance matrix. The storage and computation
time for this system are proportional to N? and N2, respectively. Hence, attempts

at using IEM to solve for complicated structures are usually abandoned.
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3.3 The Two-Stage Method

In this section, a two-stage solution is developed and used to calculate the ca-
pacitance matrix to overcome the limitation ol the iﬁtogra] equation method . This
limitation is due to the required memory storage and calculation time.

For a structure consisting of m conductors, the solution proceeds in two
stages [73, T4]. In the fivst stage, each individual conductor is considered sepa-
rately. The surface of the i conductor is discretized into N; small patches. Then
the TEM is used to solve for the charge distribution, ¢}, where &b = 1,2...., N
neglecting the effect of all other conductors. In the second stage, the multiple in-
teractions (coupling) among the conductors are included by applying the IEM to
the whole structure. The IEM is then applied by considering each conductor as a
single patch and using the results of the first stage, ¢}, as a discretized entire domain

basis function for its respective surface on the ¢

conductor. Thus, the order of the
interaction matrix is reduced to m x m instead of ( 7, N;) x ( %, N; ). It is
assumed that the shape of the charge distribution on each conductor is identical to
that of an identical but isolated element.

To illustrate the method, consider a structure consisting of two identical ideal
conducting plates, i.e. m = 2. The dimensions of the plates are (10x 10 m) 10cated at
Z =0and Z = 1 m, respectively. The IEM combined with the method of moments is
used to solve for the charge distribution on the two plates as one structure (classical

IEM solution). The result for the charge distribution on the top plate is shown in

Fig. 3.1, and the corresponding charge distribution for an identical isolated plate is
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shown in IMig. 3.2 (first stage solution).

In gencral, the charge distribution and the total charge stored on each conductor

depend on the following factors:
1) the geometrical (shape) factor of cach conductor and
2) the relative positioning of each conductor with respect to the others.

The result in Iig. 3.2 shows clearly the elfect of the first factor on the charge
distribution. One can also see from IMigs. 3.1 and 3.2 the effect of the second factor
on the magnitude ol the total charge stored on cach conductor; and its distribution.
Thus it is clear that the shape ol the charge distribution is not strongly dependent
on the presence ol the second conductor. However the total charge stored on each
conductor depends on the presence of the second conductor. Thus an unknown
weighting factor, «;, is used as a first order approximation of the effect of the
second factor on the total charge stored on the i** conductor. This assumption is
valid only when the separation of the conductors is larger than the cross section.
However, by enforcing the boundary conditions and using the charge distribution
obtained in the first stage, the accuracy of the capacitance matrix is insured. This

charge distribution is considered as entire domain basis function.
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Figure 3.1: Normalized charge distribution on the upper plate of dimensions 10 x 10 m
positioned on the Z=1 plane al unity potential and separated by | m from another identical

plate positioned al Z=0 plane at zero polential.

Nome charge
o
24
o

Tigure 3.2: Normalized charge distribulion on one plate of dimensions 10 x 10 m posi-
G

tioned on the Z=0 plane al unity potential.
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TFigure 3.3 A struclure consislting of lwo conduclors

Consider a structure consisting ol two conductors embedded in a homogencous
dielectric materials. IYig. 3.3. the potential at any point on the surlace ol the conduc-

o

tors is then given by

Vi = [ P D) + e (1, 2)]
Vo = [0 F(2, 1) + ap F(2,2)] (3.14)

where, for I, [I=1,2,

]_ JV] I\f”

FLIN=— 3 S 4py (3.15)

Nr i=1,i€cond. I j=1,j€cond. Il
and Pii is given by (3.12).
J Y

Equation (3.14), for m conductors, can be written in matrix form as

where A is a square matrix of order m, and « and V is column matrix of order m.
The resulting linear system of equations (3.16) can thus be solved, typically by
some form of Gaussian elimination, to compute «. For a two conductor system, the

capacitances (1 and Cyy are given by

Ny

Cii =01 ) G (3.17)
k
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N
C""’g] = (T»_gZ([}C (3]8)
A
Chy and Cyy can be obtained by interchanging the value ol V¥, and Vs and solving
the linear system ol equations (3.16).

th

To compute the 3" column of the capacitance matrix, equation (3.16) must be

solved for «; given a 'V vector, where

I i=) .
Vi = (3.19)
0  otherwise.

Then the 27" term ol the capacitance matrix is computed with the multiplica-

tion of a; by the (); which results from the first stage solution.

The two-stage method gives very good results for the capacitance matrix; how-
ever, it does not calculate accurately the charge distribution on each conductor.
The main goal of this work is the reduction of the computational cost and memory
storage required by the IEM; for the calculation of the capacitance matrix which
is in great demand by industry. An accurate charge distribution, due to an en-

forced potential, can be obtained using an iterative method based on the following

equation:
N
Jo=perar + D priqj (3.20)
i=1, ik
or
. Nv
g = (Fe—= D piti)/pwr (3.21)
i=1,j#k
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[i is the potential at the k¥ patch due to charges on all the patches. The iteration

is applied using equation (3.21) and the tolerance (tol) to terminate the iteration,

where

(q1)* — (q8)*)] < tol, (3.22)

Assuming all the patches have comparable geometry, the main contribution to [
comes [rom the patches near the A% patch. Since the speed ol convergence de-
pends strongly on the initial assumption of the charge distribution, a good guess

% pateh would substantially speed up

ol the initial values ol the charges near the &
convergence. The best initial values of the charges for the iterative method is the
charge distribution obtained using the two-stage method, since the coupling of all
the charges on a conductor is included in the first stage of the solution for each
conductor. In addition, the second stage ol the two-stage method accounts f[or the
total coupling amongst the conductors.

The iterative method is tested for various geometries, using the results of the
two-stage method as the initial value for the charges. It usually converges after
a number of iterations, which is much less than the number of unknowns. The
charge distribution obtained by the iterative method could also be used to obtain
the capacitance matrix, by summing the charges on each conductor in the system.
For the iterative method, there is no additional memory storage requirement and
the computation time required for obtaining the desired accuracy is roughly of the

order n/N?, where n is the number of iterations.
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3.4 Computational Time and Memory Storage

Requirements

In order to use the two-stage method to compute an m x m capacitance matrix,
the first stage solution is repeated m times; where m is the number of hlocks. Then
the second stage is applied to the whole structure. Assuming N patches on cach

block, the computational cost is proportional to:

2N N+ mENE 4+ () + (n)? (3.23)

The cost of using IEM as applied to the whole structure (classical IEM) is propor-
tional to

m*N? + m3N2 + m?N? =~ m3N° (3.24)

Thus, the two-stage method gives a minimal computational time saving of order m?.

The memory storage required by the two-stage method is proportional to the
maximum memory requirement by the classical IEM in solving for a single block of
the structure i.e. maximum of N?. On the other hand, the memory storage required
by the classical IEM is proportional to (mN)2. Thus, the memory requirement of
the two-stage method is much less than the memory requirement of the classical

IEM.
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3.5 Results and Comparison

Tables 3.1 and 3.2 arve included to present a comparison ol the computational
time and memory storage requirements ol the two-stage method, with that ol the
classical IEM and FASTCAP algorithm which is based on the classical IEM and
the multipole expansion [1]1. All the computations have heen performed on a
SPARCI0/11 workstation. Table 3.1 presents the computational time and mem-
ory storage required to solve for the capacitance matrix ol various geometries that
are presented in terms ol the number of conductors and total number of patches in
the geometry using the classical IIEM and the two-stage method. In Table 3.2, the
computational time and memory storage of FASTCAP and the two-stage method
are presented. As shown in these tables, the total computational time and memory
storage depend mostly on the requirements of the first stage solution. It is also
clear, from the tables, that the two-stage method represents a considerable saving
in memory and cost in comparison to the classical IEM and to FASTCAP algo-
rithm. Furthermore, additional savings in computational time can be achieved, in
the solution for a system of identical conductors, by solving for only one conductor
in the system. As an example, consider the classical IEM in solving for a system
consisting of six identical conductors; each discretized to 400 patches. These patches
requires a maximum storage of 2.85Mb and a computational time 2.21m. However
the computational time of a non-identical system of conductors, each discretized to
400 patches, is 6.46m. In addition, the maximum memory storage required is also

2.85Mb.
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Geometry IEM Two-stage
# ol conductors | # of patches | time [m] memory [MB] | time [m] memory [MDB]

| 100 0.025 0.248

2 200 0.1 (.588 0.065 0.451
D 500 1.83 2.541 0.188 0.598
| 400 0.85 1.8

2 800 .36 5.96 1.86 2.16
< 1600 63.7 20.6 .14 2.48
6 2400 310 45.8 6.76 2.85

Table 3.1: Comparison between the two-stage method and the IEM.

(zeometry FASTCAP Two-stage
# of conductors | # of patches | time [m] memory [MB] | time [m] memory [MB]

1 265 0.025 2.412

4 1060 0.246 7.80 0.132 3.21
1 486 0.07 3.35

2 972 0.31 4.83 0.167 4.05
9 4374 3.64 34.28 1.45 4.26
1 816 (.26 6.137

6 4896 4.16 28.45 2.10 7.62
9 7344 9.66 76.90 4.01 7.91

Table 3.2: Comparison between the two-stage method and FASTCAP,
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Iigure 3.4 shows the total capacitance ol two identical transmission lines as a
[unction of the edge-to-edge separation, D, between the lines. The length of cach line
is 15 e and the cross section of cach conductor is 20 by 10 mm. The capacitance
of the transmission line obtained using the two-stage solution is compared with the
classical IEM method results. As shown in the figure, for separations greater than
20man, identical results are obtained using the two-stage solution and classical 115M
method, however, the accuracy ol the two-stage solution decreases by veducing the
separation between the conductors. In general. when the separation hetween the
conductors is smaller than the cross sectional dimension «, the classical [IXM method
should be used lor the extraction of capacitance matrix ol the two conductors.

Table 3.3 presents a comparison ol the capacitance matrix for a 2 x 2 array of
right angle pins, obtained using the two-stage method and FASTCAP. The pins are
discretized to 1147 patches each. It can be seen from the table that the two-stage
method is accurate in comparison with FASTCAP.

Table 3.4 presents a comparison of the capacitance matrix for a 3 x 2 array
of pins, obtained using the two-stage method and FASTCAP. Each pin has the
dimensions of (z = 0.508, y = 0.508, z = 17.78mm) and the spacings between
the pins are (dv = 2.254, dy = 2.254mm); where dz and dy are respectively the
spacings in the X and Y-directions. The pins are discretized to 498 patches each.
It can be seen from the table that the two-stage method gives very accurate results
in comparison to FASTCAP.

To show the accuracy and convergence of the iterative method, it is used to solve

for the charge distribution of two parallel plates and two co-planar plates. The size
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ol cach plate is 10 x 10 meters and it has been discretized to 400 patches. The
separation between the plates is | meters. For the two parallel plates, the charge
distributions corresponding to the number of iteration N; = 0,5, 20 and 35 are shown
in Iig. 3.5. It is clear [rom the results that the solution converges alter a number
of iterations that is much less than the number of unknowns in the structure. For
the co-planar plates, the charge distributions lor &Ny = 0,5, 15 and 20 are shown in
I'ig. 3.6. It can be seen that the solution converges laster than the solution for the
parallel plates because ol the coupling level between the plates. Hence, [rom these

two extreme cases, it is clear that the iterative method converges to the correct

solution alter a small number ol iterations.
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20 D

] : : : : : : Classical I[EM
_ : -—E} - Two-stage

™
|

Capacitance (pF)

Separation (mm)

Figure 3.4: The capacitance of two transmission lines as « function of distance between

the lines obtained using IEM and the two-stage method. The length of the line is 15¢m

<
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0308, 0508

17.78

0.508 [

17.78

All the dimentions shown are inmm

i 1 2 3 4

1| FASTCAP | 164.0 | -52.32 | -55.62 | -21.66

Two-stage | 163.26 | -52.07 | -55.34 | -21.52

2 | FASTCAP | -52.32 | 163.7 | -21.64 | -55.44

Two-stage | -52.07 | 163.26 | -21.52 | -55.34

3 | FASTCAP | -55.62 | -21.64 | 184.4 | -61.69

Two-stage | -55.34 | -21.52 | 183.17 | -61.19

4 | FASTCAP | -21.66 | -55.44 | -61.69 | 184.2

Two-stage | -21.52 | -55.34 | -61.19 | 183.17

Table 3.3: Comparison between the capacitance matriz of « system of 4 pins, as shown
above, oblained using the two-stage method and FASTCAP. The unit of the capacitances

w5 pl'
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17.78

All the dimensions are in mm

Table 3.4: Comparison between the capacilance matriz of a system of 6 conduclors, shown

abouve, obtained using the lwo-stage method and FASTCAP. The unil is [T

i 1 2 3 4 5 6

1| FASTCAP | 296 -75.77 | -16.35 | -80.95 | -27.16 | -9.263

Two-stage | 294.44 | -76.53 | -15.74 | -81.51 | -26.60 | -8.675

2 | FASTCAP | -75.77 | 323.6 | -76.24 | -27.12 | -60.94 | -26.97

Two-stage | -76.53 | 321.27 | -76.53 | -26.60 | -61.26 | -26.60

3 | FASTCAP | -16.35 | -76.24 | 296.4 | -9.238 | -26.98 | -81.18

Two-stage | -15.79 | -76.53 | 294.4 | -8.67 -26.6 | -81.51

4 | FASTCAP | -80.95 | -27.12 | -9.238 | 296.1 | -75.86 | -16.44

Two-stage | -81.51 | -26.60 | -8.675 | 294.44 | -76.530 | -15.79

FASTCAP | -27.16 | -60.94 | -26.98 | -75.86 | 323.5 | -75.98

<

Two-stage | -26.60 | -61.26 | -26.60 | -76.53 | 321.28 | -76.53

6 | FASTCAP | -9.263 | -26.97 | -81.18 | -16.44 | -75.98 | 296.3

Two-stage | -8.675 | -26.6 | -81.51 | -15.79 | -76.53 | 294.44
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Figure 3.5: Cross section of the charge distribution on the upper plate of the geometry

shown above oblained using the ilerative method and the classical IEM.
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Figure 3.6: Cross section of the charge distribution on plate one of the geometry shown

above obtained using the iterative method and the classical LEM.
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3.6 Numerical Considerations

The use of the integral equation method for the capacitance calculation requires
the discretization ol conductor surfaces into small patches, lormulation of the poten-
tial coellicient matrix, and solution of the matrix system. This section will discuss

cach ol the three steps in the development ol an efficient algorithm.

3.6.1 The Surface Discretization

The integral equation method lor the calculation of the capacitance matrix requires
the discretization ol the surface of the conductors into small patches. Planar surfaces
are usually discretized to planar patches with quadrilateral or triangular shapes. On
the other hand, curved surfaces could be discretized into planar or curved patches.
However a large number of planar patches are required to accurately simulate curved
surfaces which results in very costly solutions. Though curved patches accurately
represent the curved surfaces, with much fewer elements, a special transformation
is required to evaluate the integral in (3.12) over curved surfaces [22]. Generally,
the accuracy of the results, the computational time and the memory storage re-
quirements depend on the number of patches used to discretize the surface of the
conductor. Hence, the best discretization is the one that minimizes the number of

patches that are required to produce accurate results.
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The general rules for surface discretization are:

The aspect ratio (the ratio of the longest to the shortest side) of each patch
should generally not exceed five.

e The patches should be as close to a square or be as equilateral as possible.

e Curved surfaces should, when possible, be discretized using curved patches.

e The patch layout should depict the charge density on the surfaces, v.e. denser

mesh near the edges and the corners.

e [or a structure consisting of multiple conductors, more dense meshing is ve-

quired on the surfaces that are near to other conductors.

The above five rules produce the most efficient surface discretization algorithm.

3.6.2 Evaluation of the Integrals

The potential coeflicients matrix (3.9) is filled by evaluating the integral given by

(3.12). The complexity of this integration depends on the shape of the patch.

1) Square Patches [13]

The potential at the center of a square patch of area a;, due to a unit charge

density over its own surface, is given by

pii = 5 In(l + v?2) (3.25)
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The potential at the center of the i patch, due to a unit charge density over the

g% patch is given by

a; o oy
- (3.26
Pii l'TF(.HIi‘./' )

we Bo= Sl — 22 4 (1 — )2+ (o — 22)2
where R;; = \/(.z,.L — 2,2+ (g —y;)?* + (2 — 25)2
The maximum crror in this approximation is about 3.8% for the adjacent ele-

ments.

2)Rectangular Patches [75]

The potential at any point due to a unit charge density over a rectangular patch
can be evaluated using the following closed form integral.

Let the integral equation (3.12) be represented by

P(u,v,w) = l /%dudv

drea;

where R = u? + v2 + w2,

P(u,v,w) is then given by

Plu,v,w) = ! {ullog(v + r) — 1] + viog(u + R) — wta,n._l(% + wta'n,"l(l)

drea w W

)
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3) Numerical Integration

The potential at any point 1, due to a unit charge density on a patch ol arbi-
trary shape, can be evaluated using Gaussian quadrature formula and geometrical
transformation ol the region ol integration. The integration over curved patches
can be lacilitated with the use ol the geometrical transformation associated with
the boundary element method. However, the use ol Green’s function rvesults in a
singular integral equation when the source and observation points coincide. Special
treatment is needed for the handling of this singularity. M. Lean and A. Wexler pre-
sented an efficient algorithm for handling the singularity of Green’s function [22].
Generally, numerical integration is more costly than closed form analytical integra-
tion, since filling the matrix is of order n? operation, where n is the total number of
patches. An efficient algorithm requires the capability of selecting the method for
the integral evaluation according to the cost. The cost of filling the matrix could be

minimized by:
e Using the square patch approximation when possible.
e Using the analytical closed form solution for the integral.

e Allowing the number of Gaussian points to be chosen to be proportional to
the inverse distance, between the observation and source points, when the

Gaussian quadrature integration is used.

e Using the multipole approximation to the potential, presented by Rokhlin [76],
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to speed up the filling of the matrix.

Solving The Matrix Equation

The dominant cost in the solution lor the capacitance matvix comes [rom solving
the matrix equation. FFactorization of the matrix by Gaussian elimination is propor-
tional to n? operations. However, the computational cost ol solving the matrix can
be reduced using an iterative based matrix solver. Saad ¢t ol [77] and [78] described
a simple minimum residuals algorithm (GMRIIS) for the solution of a linear system
of equations. This reduces the computational time to roughly ol order mn?, where

1 is the number ol conductors.



Chapter 4

The Capacitance and Conductance Matrices

The two-stage method presented in chapter 3 applies only to structures with
conductors in region [illed with a homogencous material. This chapter describes
the extension ol the method for the extraction ol the capacitance matrix for three-
dimensional structures with dielectric layers. The diclectric materials being con-
sidered are perlect diclectric and lossy dielectric. In this chapter, the capacitance
matrix will be generally referred to as the complex capacitance matrix. The pres-
ence of the lossy dielectric will result in a capacitance matrix being represented by
the real part of the complex capacitance matrix and a conductance matrix being
represented by the imaginary part.

The proposed method minimizes the computational cost and memory require-
ments of the solution of three-dimensional multiconductor structures. It calculates
the complex capacitance in two stages, based on the Integral Equation Method
(IEM). In the first stage, the structure is divided into blocks. Each block consists
of a single conductor and all the dielectric-dielectric interfaces. The IEM method is
then used to solve separately for the charge distribution on each block, neglecting
the effect of all other blocks in the structure. In the second stage, the multiple
interactions (coupling) among the conductors are included with the application of

the IEM to the whole structure [79]. The charge distribution, obtained in the first
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stage. is considered as a discretized entive domain basis function for the respective
conductor. Thus the order of the interaction matrix is reduced to the number of

conductors in the structure.

4.1 Statement of the Problem

Clonsider a structure consisting ol m conductors embedded in a piece wise homo-
gencous material with complex permittivities. The objective is then to determine
the complex capacitance matrix ol the system. The complex capacitance matrix
ol such a structure is an m X m symmetric matrix C. The real part of the com-
plex matrix, Re(é), is the capacitance matrix of the system; the imaginary part,
Im(é), represents the conductance matrix of the system, or the dielectric losses.
AY

More specifically, the i** row of C has a positive entry, (), which represents the

self complex capacitance; and negative off-diagonal entries, C;, which represents
coupling between conductor @ and j, where j = 1,2,...m, 7 # i. The ij** element
of the capacitance matrix is the free charge on the ** conductor when the potential

on the 7% conductor is lv and all other conductors are grounded.

4.2 Analysis

Consider the complex capacitance matrix problem stated in the previous section.
The capacitance matrix can be obtained by raising one conductor to unit potential,
3 g ! )

grounding the rest and calculating the free charges on each conductor. The free
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charges in one ol the m conductors is the integral of the charge per unit area over
the entive surlace ol the conductor. With conductor j at 1V and the rest grounded,
(?’,I;j is the equivalent to the [ree charge on the conductor i, @ = 1,2, ..., m. Repeating
the procedure m times gives the m column of CAl’Yj_j. Thus, the complex capacitance
matrix calculation for m conductors is equivalent to solving for the conductor charges
in m potential problems. In these problems, the conductor potentials are specilied

and the potential must satisly Laplace’s equation in the regions of interest.

Dielctric-dielctric interfaces Conductor-dielectric interfaces
ab

Figure 4.1: A structure consisting of two conducilors

4.2.1 The Equivalent Charge Formulations

The exterior Dirichlet formulation for the potential ¢ is

v2¢(r) =0, reV; (4.1)
o(r) = v(r), re€S; (4.2)
Tim ¢(r) = 0 (4.3)
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(AIJ()OIJ(I) —_ ()()11(]) = St!xb.’ (ll)

-1

Iny, I,

where a and b correspond to bordering dielectric, V is the vegion ol interest, S, is the
conductor surfaces. S is the interlace surface between diclectric a and dielectric
b, the direction of the normal 7, is into medium b, ¢, = ol — Jtanéd,) and
&=« (I = jtan §,) are the permittivities of medium a and b, and tand is the loss
tangent.

Using the equivalent charge formulations [11]. a total charge density oy is as-
sumed on the conductor-diclectric interfaces and the diclectrie-dielectric interfaces.
On each conductor-dielectric interlace, the total charge is the sum ol the free charges
and the polarization charges. On each dielectric-dielectric interface, the total charge
is only the polarization charge. The conductor potentials are fixed using the follow-

ing integral equation:

o) = [, s (4.5)

dré | r —r' |
where S is the union of all the dielectric interfaces, . b and the conductor surfaces
Sc. and op(r’) is the unknown charge density.
[ J

The normal derivative of the potential at the interface surfaces, Sebare given

by
Ady(r) 1 -, / ncos(r —r ) . .
- —_ = - 71 h ar\r ’ diS’l . " e Sab 4: 6
any 2(-,0(7")01 ) Js r( ')zl,-7r(:0 | —r 2 ! (4.6)
Oda (1) 1 , / cos(r — 1! i) . o
ToL = - rlr - L - - - Z:S’I. " i ab il.’—
(97‘2.1) 2¢, (_7")0-'1 (, ) Js a1 (_] dre, I — lz‘ , 1€ ( l,)

where ¢, and ¢, are the limiting free-space potentials in the dielectric regions.

5

7
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Substituting equations (1.6) and (:1.7) in (1.1) yields

€, + ¢ , €, — ¢ o cos(r—1'n . o
© T D p(r) - 22 / oy 7"')—(, — b)db’ =0 (1.8)
2(,() Adr g 45! l =1 I‘

The simultancous solution of (.5) and (1.8) lor o gives the complex matrix entries

by integration over the conductor surfaces.

4.2.2 The Integral Equation Discretization

The integral equation method starts by discretizing the interfaces into small patches.
The conductor-dielectric interfaces are discretized to N, small patches and the
dielectric-dielectric interfaces are discretized to Ny small patches. The unknown,
or, is approximated as a linear combination of a set of N, N = N, 4+ Ny, linearly

independent expansion functions W;(r) with the weights A;,

N
or(r) = A;Wj(r) (4.9)
i=1
where W; are non-zero only on the j* patch,

It € patch j;
W;(r) = (4.10)

0 otherwise.

Substituting the expansion (4.10) into (4.5) and (4.8) gives two residuals,

. s AW . v
Ri(r)y =v(r) — /S > Vi) ds', re S, (4.11)

ot e |r—1'|

ot
&
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By = Ca + b N LWV (0 Co— €y | N L cos(r — ' ) 15 (1.12)

rc & ab

Both residnals ave zero when (1.9) satisfies (4.5) and (1.6) exactly. A good approx-

imate solution can be obtained depending on the testing method used.

4.2.3 Point Matching Testing

Point matching produces a lincar system for the unknown A;’s by lorcing (1.11)
and (4.13) to hold at the centroid of the conductor and dielectric-interface patches,

respectively. The weight A; represents a constant charge density on the 7% patch.

A=8 (4.13)

a;
where ¢; and a; are, respectively, the charge and area of the j* patch.
The application of the point matching testing on (4.11) and (4.13) and substi-

tution for A; from (4.13) result in

: N
,U(,,.,,) _ | ! q;
) = 2
‘ draje, 527 @ -

1 i ,
/ l‘;_—,,‘l daj r; € 5. (4.14)
ay

~ ~ N : [
Sa - ; J— . T — 9 . ;
Mw_ﬁi@*_zﬁ. ./ww ) o i S (415)

2ai¢,(80 — &) T @ dTa e, Ja, |7 — 7|2

The linear system of equations given by (4.14) and (4.15) can be represented in

matrix form

[a} = (4.16)
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where Vis a vector of length N, P is an N. x N coellicients matrix of the potential

and is given by

1 ~ | o
Py = / da, (4.17)

Axajeg Ja, | 1 — 1" |

and E is an NyxN matrix of the normal electric field coefficients

| ©cos(r — ') ) ) ,
Iy = - / costr 1 'm')(/,(l.j R (1.18)
’ o 7y

I P !2

[ — (,(Ab -+ (A-a) ;= }
" 2(A.,j(i()((fb - (1(1,)7 ’

The unknown vector q is the vector ol N patch charges that can he solved lor using
a standard matrix solver.

By raising conductor j to 1V and grounding the rest, i.c. v; = 1 and v; = 0,
with ¢ # 7, and solving (4.16) for the unknown charges, a column of the complex

capacitance matrix can be obtained [26]

N;

Cis = > an (4.19)
k=1
The elements of the conductance matrix are given by
[Gy] = Re[jwCy;] = —Im[wCi) (4.20)

and the elements of the capacitance matrix are given by

[Cj] = RelCy) (4.21)

4.2.4 Galerkin Testing

Point matching is adequate for problems without dielectric; however it produces
large error for geometries with large permittivity changes. The Galerkin testing
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vields more accurate results at a higher computational cost [80]. Thus it is sullicient
to use the higher accuracy Galerkin method for testing (4.13), while still using the
computationally efficient point matching for testing (4.11).

The application of the Galerkin method to (4.13) forms inner products between
Ro(r) and the Ny expansion function W;. This corresponds to patches on the di-

clectric interfaces such that

¢ ~ . N
0= ((_l;f_(ﬁ)_ / Wi(r )Z A;Wi(r)dS
ZC, /s oy
/ {‘ / Z 1 ‘ /' (,'()3(7" — 7.,/, 73-1)) (]ql(] q [] c H"'l’ (1 )‘))
St ]—I l/\(ll(u I 7._7./ l.z'v»« £ 99

The expansion weight, W;, can be written in terms of the total charge on cach patch

since the weight is non-zero only on the ¢ ith patch. Bquation (4.22) then becomes

0:(6a+(b (IL/ ZS

g
~a [ s, et G
i 48 S

aj /«col7——7

The integral in the first term of (4.23) over the surface of the i** patch is equivalent
to its area. The equation then becomes

) (éa + (Ab)
226 (?a - 61))

J 2
—Z kel / / cos(r =, 1) yogo pi e 5 (4.24)

1 a; v/l’rco r—r ]2

0=g¢

The linear system of equations given by (4.14) and (4.24) can be represented in
matrix form similar to (4.16) and the solution proceeds in the same manner as the
point matching testing.

By using the integral equation method, an N x N system of equations (4.16)
must be solved to compute the complex capacitance matrix. This requires storage
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and computation time for this system to be proportional to N? complex numbers
and N, respectively. Hence, attempts at using IEM to solve complicated structures
are usually abandoned. Tlowever, this limitation can be removed, by using the

two-stage solution presented in the next section.

4.3 The Two-Stage Method

To overcome limitations ol the classical integral equation method (IEM) as a
result of the required memory storage and calculation time, a two-stage solution
is used to calculate the complex capacitance matrix. I'or a structure consisting ol
m conductors, as shown in Fig. 4.2(a), where m = 2, the solution proceeds in two
stages. In the first stage, each individual conductor is considered separately. The
surface of the it conductor is discretized into &; small patches. In addition, all
the dielectric-dielectric interfaces are discretized into a total of Ny patches. An
example of the discretization is shown in Fig. 4.2 (b) and (¢). The formulation
presented in section 4.2 is then used to solve for the charge distribution on the #*
conductor and the entire dielectric-dielectric interface. Notice that the effect of all
other conductors in the structure has been neglected in this stage. However, in the
second stage, the multiple interaction (coupling) among the conductors is included
by applying the IEM to the whole structure. Then the method of moment is applied
by considering each conductor as a single patch and using the results of the first
stage, as a discretized entire domain basis [unction, for its respective surface of the

it" conductor. The boundary conditions are enforced on each conductor.
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Figure 4.2: (a) An example of two conductor. (b) and(c) Discretization for the first stage

solution.
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In general, the charge distribution and the total charge stored on cach conductor

depend on the following lactors:

a) the geometrical (shape) factor of cach conductor,

b) the geometrical factor and the electrical permittivities of the dielectric material
in the structure, and

¢) the relative positioning ol cach conductor with respect to the others.

The effects of factors a) and D) are accounted lor in the fivst stage ol the solution.
The thivd lactor is accounted lor in the second stage ol the solution. As a first order
approximation, the change in the charge distribution due to the coupling ol other
conductors can be considered as an unknown weighting lactor ;. This assumption is
valid only when the separation between the conductors is larger than the conductors
cross section. However, enforcing the boundary conditions and using the charge
distributions obtained in the first stage, as an entire domain basis functions, ensure
the accuracy of the complex capacitance matrix.

Thus the potential at any point on the surface of the conductors, for the system

shown in Fig. 4.2 is then given by

‘/1 = [CY[F(17 ].) -+ QQF([,Z)]

Vi = [0 F(2,1) + 0y F(2,2)] (4.25)

,Z:th

where V; is the potential enforced on the ' conductor, and flor I, [1=1,2

PO T) = f(1, 1)+ [(,d)

FOLITY = f(LID+ F(Ld)+ f(1,11)* [(I1,d) (4.26)

64



Chapter 4 The Capacitance and Conductance Matrices

d refers to all the dielectric-diclectric interfaces, and
l /\"1 }\111 A .
AN =+ X > i (4.27)

=l i€cond. ] j=1,€cond. 11
1 1.\,'/ "\‘!rl

fudy=— > Do i (4.23)

‘/V] =1, . N >

i=l,i€cond. | j=1,j€ Sub

piiis given by (L1T).

Equation (1.23) can be written in matrix lorm as
AB=V (11.29)

where A is a square matrix of order 2, B = [a1a)T, and 'V are column matrices of
order 2.

Notice that the value of the diagonal elements A;; are known; Ay is equal to
the impressed potential on the i** conductor. Thus in using the impressed potential
value for the diagonal elements a reduction in the computation cost is produced.

The resulting linear system of equations (4.29) can be solved for «; and «y.

Then the capacitances Cy; and Cy; are given by

Ny

Ci = Z qk (1.30)
k=1

R Nm

Con=az) g (4.31)
k=1

C'12 and (', can be obtained by interchanging the value of ¥ and V4 and solving
the linear system of equations (4.29).
A system of m linear equations, similar to (4.1), is obtained for a system of

m conductors. To compute the j** column of the complex capacitance matrix,
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equation (1.29) must be solved for ey given a vector V where 1 = 1,1 = 7 and

V: = 0 otherwise. Then the ij% term ol the capacitance matrix is computed by

multiplying a; by the sum of the charges resulting [rom the fivst stage solution.
Note that lor a system consisting of m conductors embedded on a homogeneous

material, equation (4.26) is transforms to

P D) = f(I1.1), PO = f(I 1) (1.32)

The solution proceeds as described above for the general case.

While the two-stage method gives accurate complex capacitance matrix, it does
not accurately calculate the charge distribution on each conductor. The main goal
of this work is the reduction of the computational cost and memory storage required
by the [EM; for the calculation of the complex capacitance matrix. This calculation
is in great demand by industry.

An accurate charge distribution, as a result of an enforced potential, can be
obtained using an iterative method. With this method the speed ol convergence
depends strongly on the initial estimate of the charge distribution. A good estimate
of the initial value of the charges would speed up convergence substantially. The
best initial values of the charges for the iterative method, is the charge distribution
obtained using the two-stage method since the coupling of all the charges on a
conductor is included in the first stage of the solution for each conductor. The effect
of the dielectric on the charge distribution of each conductor is also included in the
first stage. In addition, the second stage of the two-stage method accounts for the

total coupling among the conductors.
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4.4 Computational Time and Memory Storage

In order to use the two-stage method to compute an m X capacitance matrix.,
the first stage solution must he repeated m times. Note, that {or practical cases,
the number ol patches on the conductor-dielectric interfaces are usually much larger
than the number of patches on the dielectric-diclectric interfaces. Assuming equal
number of patches on each conductor, the cost of computing the entries and solving

cach matrix is proportional to
2m(N; + Ng)* + m(N; + Na)t (1.33)
While the cost of the second stage solution is proportional to
A2 3 2 .
(mN;)? +m” +m (4.34)
Then the total computational cost for an equal number ol patches on cach
conductor, is proportional to
9m(N; + Ng)? + m(N; + Na)* + (mN;)? +m® + m? (4.35)
The dominant term in (4.35) is m(N;+Ng)® since, for practical cases, the number
of conductors in the system is much less than the number of patches used to discretize
a single conductor.
The computational cost of using the classical TEM, as applied to the whole

structure, is proportional to the cost of computing the entries of the matrix, the

LU decomposition and the solution of the decomposed matrix m times; that is

(mN; + Np)? + m(mN; + Np)® + m(mN; + Np)* (4.36)
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The memory storage required by the two-stage method is proportional to the
maximum memory required by the classical [EM in solving for a single conductor in
the structure and the dielectric interfaces; 7.c. a maximum ol (N;+N)?. The number
ol patches on the conductor-diclectric interfaces ave usually much larger than the
number of patches on the dielectric-dielectric interfaces. On the other hand. the
memory storage required by the classical IEM is proportional to (327, Ni)?. Thus,

the memory requirement of the two-stage method, is much less than that of the

classical TIEM.

4.5 Results and Comparison

A general code was developed using the formulation of the two-stage method.
This algorithm was tested for various geometries in comparison with the classical
[EM.

Table 4.1 presents a comparison of the capacitance and conductance matrices
obtained using the two-stage method and the classical IEM. The structure is shown
in Fig. 4.3. It consists of two traces and a finite ground plane. The dielectric
permittivity is &, = 3(1 — jtand), tand = 0.001 and the structure was discretized to
9524 small patches. The large number of patches results from the need to satisfy
the criteria of numerical convergence by using patches with an aspect ratio less than
5. In addition, the conductor surfaces that are common to the dielectric material
require a large number of elements to accurately calculate the charge distribution

using the IEM. The computational time and the memory required by the 1IEM are
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365m and 98 MB. respectively. However, the computational time and the memory
requirement ol the two-stage method are respectively 90.4m and 16M B. For such
a structure, reducing the spacing between the traces or increasing the dielectric
permittivity causes increase in the errors ol the two-stage method. Table .2 presents
a comparison of the capacitance matrix for a microstrip structuve. The dimensions of
the strip are (1.5,0.05,0.02)mmn; the ground plane has dimensions ol (2,2,0.02)mimn
and the dielectric thickness is 0.09mm. Table 1.3 presents a comparison ol the
capacitance matrix lor a 2x2 arvay ol connectors, shown in I7ig. 1.1, obtained using
the two-stage method and the classical HEM.

It can be seen from the tables that the results obtained using the new method

are accurate in comparison with those obtained using the classical IIEM.
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0.15
A S

ja—

Ytgure 430 Two lraces over a dielectric wilh €. = 3(1 — tand), land = 0.001.

[
[
N
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i I
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o
g

4 IEM. 51.72 | -12.24 | -33.34 || Gy | 1.25 || -0.37 | -0.78

Two-stage | 49.79 | -11.33 | -31.75 1.2 || -0.36 | -0.76

Cy IEM. -12.24 | 51.72 | -33.34 || G, | -0.37 || 1.25 | 0.78

[N
1
e
-~T
[w>

Two-stage | -11.33 | 49.79 | -31.75 -0.36 || 1.

C,| IEM. | -33.47|-33.47|102.75 || G, | -0.78 || -0.78 | 1.85

Two-stage | -31.76 | -31.76 | 96.72 -0.76 || -0.76 | 1.2

Table 4.1: Comparison between the capacitance and conductance malrices of the system

shown in Fig. 4.2. The unit of the capacitances is fI" and the conductance is m.S.
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IEM. 173.5 | 169.1

Two-stage | 170.3 | 168.5

g | IEM. |169.1|275.4

Two-stage | 168.5 | 271.1

Table 4.2: Comparison between the capacitance matriz of a microstrip structure. The

units of the capacitances are fF.

=T
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5mm

/11111

Figure 4.4: A system of four pin connectors

i mm

1 [EM. 325.1 | -100.5 | -100.5 | -30.9

Two-stage | 320.8 | -99.7 | -99.7 | -30.6

2 [EM. -100.5 | 325.1 | -30.88 | -100.5

Two-stage | -99.7 | 320.8 | -30.6 | -99.7

3 [IEM. -100.5 | -30.88 | 325.1 | -100.5

Two-stage | -99.7 | -30.6 | 320.8 | -99.7

4 IEM. -30.9 | -100.5 | -100.5 | 325.1

Two-stage | -30.6 | -99.7 | -99.7 | 320.8

Table 4.3: Comparison belween the capacitance matriz of « system of 4 connectors, as

shown in Fig. 4.8. The unils of the capacitances are fF'.

I
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Chapter 5

Frequency Dependent Inductance and

Resistance Matrices

In this chapter, an efficient two-step approach is used to caleulate the inductance
and resistance matrices for three-dimensional multiconductor structures. In the
first step, the partial clement equivalent circuit method is used to calculate the
sell inductance and resistance ol each conductor. Fach conductor is considered
separately in isolation of all other conductors in the structure. The conductor is
divided into straight sections and each section is discretized into thin filaments.
These filaments are then assembled into the desired equivalent impedance matrix
using network theory. Mesh analysis is then used to solve for the complex frequency-
dependent impedance of the conductor. In the second step, The mutual inductances
among the conductors are estimated by using the filaments approximation. The
two step approach gives accurate sell impedance. However, the accuracy of the
approximation of the mutual inductance depends on the separation between the
conductors and the conductor cross sectional dimensions relative to the skin depth.

In the next section the PEEC approach is described. It is based on the integral
equation formulation and network theory. The proposed two-step solution is pre-

sented in section 5.2. Results and comparison are given in section 5.3. [inally, a

I
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discussion of the generalization ol the algorithm is given is section 5.1

5.1 Integral Equation Formulations

Maxwell’s equations for the sinusoidal steady state case are

v x E=—juwpH (5.1)
v xH=juwkE+J (5.2)
V(cE)=p (5.3)
v-(H) =0 (5.4)

The following formulation assumes quasi-static conditions which imply that the
size of the structure is small compared to the minimum wavelength of interest and
retardation effects can be neglected. The displacement current (juweE) is negligible
compared to the conduction currents (J) since the conductivity is very high. This

assumption implies that the current in the conductor has zero divergence,

v.J=0 (5.5)

To allow for ideal current sources, equation (5.5) becomes

7 L{r) 1 € the [eed point; _
v = (5.6)

0 otherwise.

~I
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The formulation of the magnetic quasi-static problem for the calenlation of the
inductance is independent of the dielectric properties of the surrounding material.

Therelore, the electric field E inside the conductor is given by
E = —jwA — V¢ (5.7)

where ¢ is the electric potential and w is the angular [requency.
Using Ohm’s law and neglecting the displacement currents. equation (5.7) be-

Comes
J :
— = —jJwA —yo (5.3)
o

In the quasi-static limit, the magnetic vector potential A is given by

A=E /, i(T—I)—dv' (5.9)

4r |7 =7 |
where v/ is the volume of all conductors.

Substituting (5.9) into (5.8) yields the following integral equation

I(r) , jon / J(r') & = —7 $(r) (5.10)

o 47 r—r|

Using equation (5.10) and the current conservation, given by equation (5.6), the
conductor current density (J) and the scalar potential (¢) can be computed.
Charge accumulation on the surface of the conductor is assumed to be negligible.
This implies that the component of the current that is normal to the surface of the
conductor is zero at the surface. Thus the conductor can be divided into very thin
(ilaments where the current is assumed to low along the length of the filaments.
The structure can then be represented by a planar graph where the nodes in the
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graph are associated with connection points between filaments and the branches.

The branches represent the filaments into which each conductor is discretized. A

sample circuit for a single conductor is shown in Tig. 3.1(a) with its circuit model in

Fig. 5.1(h). This circuit model is obtained alter the model of 5.1(a) was discretized
o]

into filaments.

I, bs
Vb1 “bs
e N S 1
~@- —®— e
/ . e I — 1
A L 5 — 1
V,
S
VRS
/
— O —
Filament branch Source branch Node
(a) (b)

Figure 5.1: (a) A two-straight sectioned conductor, (b) circuit model

By defining a weighting function, the unknown current distribution can be ap-

proximated by

i=1
where /; is the current inside filament 7, I; is a unit vector along the length ol the
filament and
r € patch i;

0 otherwise.
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U filament.

where «; is the cross sectional arca ol the 2
By following the method of moment formulations a systermn of equations can be

obtained by taking the inmer product of the weighting [unction, equation (5.12),

with the integral equation, given by equation (5.10),

1; . .
(—)1; +_)'w / / (71'(71‘ = — | (b4 —dp)dA  (5.13)
1“ i ' '

aa; ag
where I is vector representing the length ol filament 2, a; is the cross section. ¢
and ¢p are the potential on the filament end faces and V; and V; are the volumes
ol lilaments 2 and j, respectively.

liquation (5.13) can also be written in matrix form
(R+juwl), =P (5.14)
where I is a vector of b filament currents, P is a column vector of filament voltages
P = ¢4, — ¢5,, R is a diagonal matrix of order b which consists of the dc resistance

ol each filament,

L is a dense symmetric matrix of order b,

: 1;.1; .
L;; = L/ / — 2 dudy’ (5.16)
dmaia; Jo; ot |1 — 1! |
Equation (5.14) can also be written as

21, =V, (5.17)

where Z = R + jwL is a branch impedance matrix of order b and V, = ¢4 — ¢B
is the vector of branch voltages. The method that is used to obtain the circuit as

described above is called the Partial Element Equivalent Circuit (PEEC) [7].

I
I
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5.1.1 Nodal Analysis Formulation

According to Kirchhoff’s current law (KCL) and voltage law (KVL), the nodal

K

voltages and currents can be related to that of the branches by

AL, =1, and ATV, =V,

~
It
o0

Nt

Here, A is the incidence matrix of the circuits and I, is a mostly zero vector of
source currents at the node locations. Column 2 in A has two nonzero entries;
minus one in the row corresponding to the node from which the llament /s current
leaves and plus one in the row corresponding to the node into which the [ilament
’s current enters. The superscript 1" denotes the matrix transpose. Combining

equations (5.17) and (5.18) yields

AZAV, =1, (5.19)

Thus column 2 of the reduced impedance matrix Z, can now be computed by
setting the source current equal to unity (unit current through conductor ¢) and then
solving equation (5.19) for the node voltages (V). The difference of appropriate
node potentials gives the voltages across each of the conductors. Thus forming
equation (5.19) requires a memory storage of order 6%. The inversion of the Z
matrix costs a CPU time of order 5* where b is the number of current filaments into
which the system of conductors is discretized. In addition, solving (5.19) requires
a computational time of order n3 (n is the numbgr of nodes). The computational

cost can be reduced by using the mesh analysis formulation which doesn’t require

the inversion of the Z matrix.
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5.1.2 Mesh Analysis Formulation

The need for the inversion of the impedance matrix, (Z) in equation (5.19) can be
avoided by reformulating the equation using a mesh analysis approach. In a net-
work, a mesh is deflined as any loop ol branches in the graph which does not enclose

any other branches [S1]. The unknowns are the currents flowing around any mesh

in the network, Tig. 5.2 shows an example ol one conductor.

I Ios
—— %
_ < Im .

(a) (b)

Figure 5.2: (a) A two-straight sectioned conductor, (b) circuit model

According to the Kirchhoftf’s voltage law, the sum of branch voltages around

each mesh in the network must be zero, t.e.,

MV, -V, =0 (5.20)

where V is the mostly zero vector ol source branch voltages, Vj, is the vector across

each branch except the source branch and M is a matrix of order m x b.
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Note: m = b —n + ¢, bis the number of filament branches, n is the number ol
conductor sections and ¢ is the number ol conductors.

The M matrix has the property that most of its columms (m — ¢) have no more
than two nonzero entries, a plus one and minus one.

The current around each loop satisfies Kirchhoff’s current law:

—_
[
|8

—

M'T, -I,=0

where T denotes the matrix transpose and I, is the vector of the mesh currents,

The relationship between branch currents and voltages is given by

ZI() = Vb (5

(O]
N\
~—

However a combination of equation (5.20) with (5.21) and (5.22) results in
MZM'1, =V, (5.23)

Thus to compute the " column of the reduced admittance matrix (Y, = Z7 b,
equation (5.23) is solved in terms of a V, whose only nonzero entries correspond to
vs;. The entries of I, associated with the source branches can then be extracted.
The solution of the system of equations (5.23) requires a memory storage of
order m? and a computational time of order m? . For a complex structure, m could
be more than ten thousand, which presents a limitation to the applicability of the

method. In the next section, an approach is proposed to overcome this limitation.
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5.2 The Two-Step Solution

To overcome the limitation of the Partial Element Equivalent Clivenits (PLEIC)
method, a two step solution is used to calculate the inductance and resistance ma-
trices [82]. In general, the inductance and resistance matrices of the conductors
depend on:

a) the path of the current in the conductor,

1) the geometrical (shape) lactor of cach conductor, and

¢) the spacing and the positioning of cach conductor with respect to the others.
The first step of the solution takes into account factors a) and b) while the second
step of the solution gives approximation to the effect of the third factor.

For a structure consistihg of N conductors, each individual conductor is con-
sidered separately in the first step of the solution. Fach conductor is divided into
sections which are then individually discretized into very thin filaments. The PEEC
method is then used to solve for the inductance and resistance (the Z impedance) of
cach conductor while neglecting the effect of all other conductors. However in the
second step, the mutual inductances among the conductors are approximated using
the filaments approximation [30].

To illustrate this approach, consider a structure consisting of two conductors
(N=2) shown in Fig. 5.3. In the first step of the solution, each conductor is consid-
ered separately. The first conductor is discretized into N; thin filaments and then
represented by a circuit model as shown in Iig. 5.4.

The inductance (L11) and the resistance (Ri1) of the conductor are solved for
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Iigure 5.3: Lzample of two conduclors

(b)

(a)

Figure 5.4: One conductor discretized to filaments, (b) modelled as « circuit
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using the PLIECH method and the mesh analysis approach. This process is then
repeated for the second conductor. In the second step of the solution, the mutual
inductance is obtained using the filaments approximation . The impedance matrix

(7)) lor this structure is then given by

Ry + jwly, Jwliy
(2] =

—
Tt
(87

e

gLy Roy + jwlyy

l\.
3

The diagonal clements of the (Z) matrix are obtained [rom the fivst step ol the
solution. The off-diagonal elements (Ly = Lyy) can be estimated using the filament
approximation [30]. In this approximation, the mutual inductance between the two

conductors is given by,

1 Nn Nm
an = Lmn = ﬁ Z Z Lfij (525)
No Ny oo
where N,, and N, are the number of filaments corresponding to conductor n and

m, respectively, the subscript f denotes the filament approximation and Ly;; is the

mutual inductance between the ¢ and j filaments; which is given by

dl;.dl; )
Lyij = Lyji = // ‘ (5.26)

r—r
The accuracy of evaluating Ly, for fixed N, and N, depends on the relative
position of the conductors. The number of filaments used in the first step of the
solution can be used again to obtain L,,,. However the accuracy and computation
time can be improved by choosing the number of filaments to be an inverse function
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of the distance between the conductors. This results in a considerable reduction in
the computation time, since only a small number of conductors can be physically
lose to cach other in a multiconductor structure. An algorithm can e developed for
the selection ol an appropriate number of filaments for cach geometry. In addition,
more accurate mutuel inductance between two conductors that have small separation
compares to their cross-section can be obtained by solving lor the two conductor

together in the fivst step ol the solution.

5.3 Results and Comparison

To check the validity of the present approach, a transmission line formed by two
copper conductors is considered. The conductors are of rectangular cross section 2
by 2mm and separated by 2mm. For comparison with available two-dimensional
analysis results [5], the length of the conductors was chosen to be 100 meters and the
results scaled appropriately. Each conductor is then divided into 100 thin filaments.
The total inductancd, [L = L1 +L22—2L—12], inductance and resistance, R = Ri+ Ry
variations with the frequency obtained using the classical PEEC method and the
two-step method are shown in Iig. 5.5. T he errors in the inductance and resistance
values obtained by using the two-step method ave less than 5% and 1%, respectively,
in comparison with those obtained using the classical PEEC method.

At high frequencies, the dc resistance representation in the formulation is not
valid since the resistance increases with the square root of the [requency [6]. However

this aspect can be incorporated in the algorithm, as described in section 5.4.2, to
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[urther improve the accuracy of the method.

Figure 5.6 shows the total inductance ol two identical transmission lines as a
function of the edge-to-edge separation, D, between the lines. The length of the line
s 1 inch and the cross section of each conductor is 15 by 5 mils. Tach conductor s
Jivided into 30 thin filaments and the frequency of operation is 50 MHz. The total
ductance of the transmission lines is obtained using the classical PEEC method
and the two-step solution. The numerical vesults are compared with the following

approximate clossed form equation [33].

L T : :
7= 0.0lin =) + 1) (pH/in) (5.

w+t

[
N
X

~—

where [, w and t are the length, width, and thickness of each conductor, respectively.
As shown in the figure, results obtained using the two-step solution compare well
with those obtained using the classical PEEC method. On the orher hand, the
closed form equation gives about 15% error.

Table 5.1 presents a comparison of the inductance matrix for a 3x2 array of
right angle pin connectors, obtained using the two-step method and the classical
PEEC method. The frequency of operation is 1 MHz. The pins are discretized to
900 filaments each. The memory storage requirements and the computational time
using the classical PEEC are 51Mb and 272 m, respectively. On the other hand, the
storage memory required by the two-step method is 1.8M b and the computational
time is 3.5m. All computations have been done using SPARC10/41 workstation.

Table 5.2 compares the inductance matrix of a microstrip structure obtained

using the two-step method and the classical PEEC method. This structure con-

o0
=
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sists of three identical traces above a ground planc. In addition, the frequency of
operation is LM Hz and the traces are discretized to 210 lilaments cach with the
ground plane being discretized to 660 filaments. The memory storage requirements
58076 and the computational time 311 using the classical PEEC are much larger
than the memory storage 14.5Mb and the computational time 41.5m required by
the two-step method. It can be seen (rom the tables that the two-step method gives
very accurate results in comparison to the classical PELEC method.

Iig. 5.7 shows the inductance of two identical parallel conductors as a function
of the conductors length, I, for two dillerent conductor separations (). As shown

in the figure, the results obtained using the new approach are in good agreement

with those obtained using the classical PEEC method.
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Figure 5.6: Inductance of two parallel conductors as a funclion of conductors separation.
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Connector numbers P6 P4
£ Vay

6 4 2 ail(mell
53 1 0.4 mm . .

P3|
0.1x0.1 mm

1 cm

b1

1 cm

i | 2 3 4 5 0

pl PELEC 20.56 | 10.61 | 7.71 | 11.02 ] 9.34 | 7.34

Two-step | 20.54 | 10.60 | 7.70 | 11.0 9.34 | 7.34

p2 PEEC 10.60 | 19.33 | 9.82 | 9.32 | 10.29 | 8.64

Two-step | 10.60 | 19.34 | 9.83 | 9.34 10.29 | 8.65

p3 | PEEC 771 | 9.83 | 18.0 | 7.34 | 8.64 9.4

Two-step | 7.71 | 9.84 | 18.01 | 7.34 8.65 | 9.45

p4 | PEEC 11.0 | 9.34 | 7.34 | 20.54 | 10.60 | 7.70

Two-step | 11.01 | 9.34 | 7.34 2.056 | 10.61 | 7.71

po PEEC 934 | 10.28 | 8.64 | 10.60 | 19.33 | 9.83

Two-step | 9.34 | 10.29 | 8.65 | 10.61 19.34 | 9.83

p6 PEEC 734 | 864 | 9.45 | 7.70 | 9.83 | 18.0

771 1 9.83 | 18.01

[o5)

Two-step | 7.34 | 8.65 9.

Table 5.1: Comparison between the inductance malriz of a system of 6 connectors, as
shown, obtained using the two-step approach and the classical PEEC method. The unil of

the inductances is nll.
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i T1 | T2 | 13 G

T1| PEEC |7.76 | 4.18 | 3.54 | 3.94

Two-step | 8.06 | 4.23 | 3.69 | 3.89

T2 | PEEC | 4.18 | 7.91 | 4.18 | 4.20

Two-step | 4.23 | 8.21 | 4.23 | 4.34

T3 | PEEC |3.54|4.18]| 7.76 | 3.94

Two-step | 3.69 | 4.23 | 8.06 | 3.89

G PEEC | 3.94 | 3.20 | 3.94 | 4.79

Two-step | 3.89 | 4.34 | 3.89 | 4.80

Table 5.2: Comparison between the inductance matriz of a microstrip structure, as shown
above, obtained using the two-step approach and the classical PEEC method. The dimen-

sions are min and the units of the inductances are nil.
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Figure 5.7: The inductance of two parallel conductors as a function of the conductors

length.
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5.4 Generalization of the Algorithm

In this section the effect of a ground plane and the calculation of the partial resistance,

considering the skin eflect, are presented.

5.4.1 Inclusion of Ground Plane

A eround plane can be accounted for by one of two approaches which depend on the rel-

ative size of the ground plane with respect to the conductors in the structure.

-:~:-|;-:-:-:;5-:-:-"j

Figure 5.8: Discretization of a finite ground plane in a width scale of 0.5:1

1)Finite Ground Plane:

The filament approach described previously in this chapter can be applied to a finite
ground plane. This ground plane is discretized to small filaments as shown in Fig. 5.8. The
path of the current in the plane can be specified according to the connection of the sources
to the conductors. A planar graph can then be constructed to represent the ground plane

and the conductors in the structure.
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2)Infinite Ground Planc:

Consider a structure consisting of two conductors over an infinite ground plane, as
shown in Iig. 5.9a. The pretence of the ground plane can be modelled using image theory.
The ground plane can be replaced by two image conductors ander the ground plane as
shown in IMig. 5.9b. The end ol each conductor is connected to its image and bhoth are
ireated as one unit. The inductance matrix can then be obtained for the equivalent

structure.

(a)

(b)

Figure 5.9: Two traces over infinite ground plane. (a) Original structure, (b) equivalent

struclure by image theory.
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5.4.2 FEvaluation of the Partial Resistance

The partial resistance for a straight segments can be calculated using the following equa-

tion:

I (5.28)
Glieff '

where, [; and a;.y; arve the length and the eflective area of the ith

filament and o is the
conductivity. At low [requencies, the ellective avea is equivalent to the cross section area
of the filament. However, at high frequencies, the current is crowded into the portion
near the surface of the conductor, the so-called skin ellect. Thus the ellective area of the
conductor decreases such that the resistance increases dramatically. The elfective area
can be calculated by assuming the current density decays exponentially along the radial
direction of the cross section [84]. By neglecting the nonuniformity of the current along

the periphery of the conductor’s surface, the so called proximity effect [85], the effective

area is then approximated by

Sl | fer ) da 2

= ~ 9
teld [f I JU) ‘2 da ffe——Qe(s)da (5 2.))

NOTE: €(s) is the radial distance measured from the surface and normalized to the skin

depth §, that is

_d(s) 1 .
e(s) = i 6= NG (5.30)

When the filament’s cross section is smaller than the skin depth, the effective area is
the cross section of the filament. For rectangular filaments, let T he the length of the
shortest side of the filament, the distance function d(s) = T//2 — s and incremental area

da = 2[2s + (W — T + 2s)]ds. The effective area is then given by [34]

|1 — lzae=re — 2o 1=e”C )
(I'fff — Z(I/V + T)é 1l+_ﬂf—' 1+l‘£1’ ]:,"5_2(‘ (531)
el O

94



Chapter 5 [requency Dependent Inductance and Resistance Matrices

or
aesp = WIT[L — €2(3—€) /18] if e<< 1, (5.32)
where
y=14+J a= % and €= % (5.33)

For a flament with circular cross section, the distance function d(s) = p — s and the

incremental avea da = 2wsds. Hence the eflective area is given by

|- = )
taepp = 2mpd | L= (5.34)
2e
or
ey =mp (L —€*)/9) ie<< 1, (5.35)

where v = 1 + 7 and ¢ = p/é.

5.5 Volume Element Discretization

The partial element equivalent circuit method requires the conductors to be meshed
into small volume elements. Generally, these conductors should be discretized into straight
sections or segments to facilitate the use of the filaments approximation. Evaluation of
the partial inductance for arbitrarily shaped filaments requires the integration of sixfold
integrals. Therefore the discretization of the conductors into nonstraight filaments is not
recommended, although it is theoretically valid. Clurved conductors can be discretized
into straight segments as shown in Fig. 5.10. Each straight segment is then meshed
into thin volume elements. Conductors having curved cross-sections can be discretized
using a staircase meshing. An efficient meshing should take into account the {requency of

operation and the proximity of another conductor in the structure.

Tt
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(a)

(b)

Pigure 5.10: («)Conduclor with curved segmenl. (b) Discretized straighl scgmenls

5.5.1 Meshing For Low Frequencies

At low frequencies, the conductors’ cross sections are generally smaller than the skin depth
(6). Thus the current flows along the conductors through each cross section. The segments
of the conductor could be meshed into filaments by taking into account only the proximity
of the other conductors. In addition, the effect of the proximity of other conductors can
be taken into account by meshing the nearest side of each conductor, with respect to the

other, into more dense volume elements, Iig. 5.11.

Iigure 5.11: Low frequency meshing thal accounts Jor the proximily effecl.
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5.5.2 Meshing For High Frequencies

At high frequencies, the conductors cross sections are generally smaller than the skin depth
(8); with the current flowing along the surface of the conductors. The skin effect reduces
the elfective area of the cross section of the conductors. This causes a huge increase in the
resistance and the reduction of the internal inductance of each conductor. Two schemes
of discretization can be used:

1) Using significantly more dense filaments near the surface ol the conductors ( as shown
in Iig. 5.12a ). This is preferable at medium to high frequencies.

2) When the conductors cross sections are much larger than é. the discretization can be

done using very thin elements surrounding the conductors [86]; as shown in Ilig. 5.12D.

I IO XCLICTITTY

(a) (b)

Figure 5.12: (a) Medium to high frequency meshing. (b) High frequency meshing
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Application

In this chapter the electrical parameters are employed in the calculation of crosstalk.
ground-noise and radiated emissions [rom traces on printed circuit boards (PCBs). The
inclusion of these aspects are very important in the analysis and design of electromagnet-
ically compatible products.

The electromagnetic fields are hybrid, in general, and have field components in the
transverse and longitudinal directions. IHowever, a quasi-static analysis can be applied
since, for the present frequencies of interest to the electromagnetic compatibility analysis,
the cross sectional dimensions of the PCBs are electrically small in general [65]. Under the
quasi-static conditions, the longitudinal components of the field can be neglected. There-
fore coupled lines system on PCB can be modelled as multiconductor transmission lines.
The quasi-static analysis can be applied to obtain the electrical parameters of the struc-
ture. Then voltage and differential mode current distributions on the transmission lines
can be calculated by modal analysis or lumped-element approximations. The time-domain
response of the system can be obtained from the frequency-domain response using Fourier
transformation. The radiated emissions can be calculated using the current distributions,
obtained in the crosstalk analysis, and a simple radiation model.

In the next section, the solution to the multiconductor transmission lines in the
frequency-domain is reviewed. Lumped-element approximation is discussed in section
6.2. Frequency-domain to time-domain transformation is given in section 6.3. Crosstalk

and ground-noise analysis are given in section 6.4 and 6.5, respectively. The radiated
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emissions from traces on PCBs are calculated using a simple radiation model. Results are
given in section 6.6. and are compare with other numerical techniques.

6.1 Frequency-Domain Transmission Line Anal-

ysis

Consider a cireuit consisting of (n+ 1) transmission lines, as shown in I'ig 6.1, and a
source that has a sinusoidal variation with time. Assuming the line is in steady state, the

multi-transmission line (MTL) equations ave given by [59]

O . o a., .
2;1(“/ t.) - _GV("“v [) - Cav(“ IL',) (()1)
Rg
VAVAYA V) ) S—
n

]
el
A%

-

Reference conductor

Q
0

Figure 6.1: (a) A circuil of multiconductor transmission lines

The time variation is assumed to be e/¥!. Assuming that the per-unit parameter
matrices, R, L, G and C are independent of time, t, and that the circuit has a linear

termination network, then the derivation with respect to time can be replaced by jw;
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such that:

1)
Y N(2) = —Z1(»
V() = ~21(:)
)= —YV(2) (6:2)
dz
where
Z=R+jul. Y =G+ juC (6.3)

The linear termination network allows the employment ol a simple terminal constraint
equation. This constraint equation contains the Tumped voltage and current source exci-
tations and the load impedances.

The coupled first order differential equation, (6.2), can be placed in a form of un-

coupled second order ordinary differential equation by differentiating both equation with

respect to the line position, z, in the form

2
53 V(2)=2YV(z)
52

G ) = YZI(z) (6.4)
The differentiation is performed by assuming that the per-unit parameter matrices, R, L,
G and C are independent of z.

Fach equation of (6.4) is a coupled MTL equation since the parameter matrices are

coupled. The MTL equations can be decoupled by using the similarity transformation

which diagonalizes the parameter matrices. A change of variables is defined as:

V(Z) = T'UV"”'(Z)

1(2) = TiL(2) (6.5)

where T, and T; are matrices of order nxn. They are said to be a similarity transforma-
tions between the actual phaser line voltages and currents, V and I, and the mode voltage

and currents, Vi and Iym. In order for this to be valid, the transformation matrices must
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he nonsingular. The substitution of the similavity transformations into equation (6.4)

gives

0?

FV() =T 'ZYT 'V, (=)

= T:lZTzT,-lYTUVm(Z)

=zyV,(3) (6.6)

and
0*?
dz?

= T7'YT, T, "YT,;L.(2)

L,(z) = T7'YZTI,(%)

= yzl,(z) (6.7)

Since the parameter matrices are symmetric and the transpose of the product of two

matrices is the product of the transposes of the matrices in reverse order, i.e.,

(T;'ZYT,) = (T)'(V)(2)(T;)

= (T,)'YZ(T;") = zy = yz (6.8)
Comparing (6.8) to (6.7) one can observe that
T!=T,! (6.9)

Therefore, it is sufficient to diagonalize the product YZ or the product ZY. Equation

(6.7) can be diagonalized as:

(‘)2

0—51() = T7 'Y ZT:1(2) = E*L,(2) (6.10)
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where
[ f 0 0]
0 “,22 A
BE? = (6.11)
L0 .. 0 “f,ﬁ_

The elements of the matrix B2 are the eigenvalues of the matrix YZ. The general

solution ol these decoupled equations is

I,(z2) = BTt —  Brr (6.12)
where the exponential matrix is defined as:
feEn: 0 o 0]
) 0 e 0
etz _ (6.13)
L0 ce 0 gFmE
and the vector of undetermined constants are
rrt
Iml W
=,
m . .
= (6.14)
+
Lo

The column vector corresponding to the current on the lines can be expressed in terms

of the mode current as:
I(z) = Ti(e” "I} — L) (6.15)
Fquation (6.2) can be written as:

V(z) = —Y_lb%l(z) (6.16)
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Substituting equation (6.12) in (6.16) yields

V(z) = =Y BT - I

1

= Z.Ty(¢ 7L} = 7L (6.17)
where Z. is the characteristic impedance matrix given by
Z.=Y"'T;ET; (6.18)

Bquations (6.12) and (6.17) give the general solution of the phaser transmission line equa-

tion via the similarity transformations.

The general solution involves 2n undetermined constants ol the n vectors I}, and

I

~. Therefore, 2n additional constraint equations are needed in order to evaluate these

anknowns. It should be noted that these additional equations are provided by the terminal

conditions at z = 0 and z = [.

6.1.1 Incorporating the Terminal Conditions

The driving sources and load impedances are contained in the terminal conditions. For a
linear circuit network, the relationship between the voltage and current at the terminals

is linear. The Thevenin equivalent representation of a port is [59]

V(0) =V, —Z,I(0)

V()= V= 2Z]1I() (6.19)

where V, and V), are columns of order n and they contain the effect of the independent
voltage and current sources in the termination networks at z = 0 and z = [, respectively.
The nxn matrices Z, and Z; contain the effect of the impedances and any controlled

sources in the termination networks at z = 0 and z = [, respectively.
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Substituting the terminal conditions, (6.19). in (6.12) and (6.17) yields

Z.Ty(It +1.)=V, - Z,Ty(L} - T,) (6.20)
and
7T+ ) = Vi = LT = ) (6.21)
Fquations (6.20), and (6.21) can be written in a matrix form as
(Z.+ Zs)T/ (Z.— Zs)Tl I:‘y—) \&
= (6.22)
(2. - Z)T; (Z.+2Z)T; ] | L, \Z

Once the matrix equation is solved for the unknown modal currents, the line voltages
and currents can be obtained at any point along the lines by substituting into the phaser

transmission line equations.

6.2 Lumped-Element Approximation

Lumped-element approximation can be applied to a structure whose largest dimension
is electrically small. The 7 and the T models of the lumped-circuit structures are shown
in Fig 6.2 (a) and (b), respectively [87].

Tamped-circuit analysis programs such as SPICE [58] can be used to analyze the
lumped-circuit as an alternative to solving the phaser MTL equations. It also provides a
method of calculating the ground-noise and the ground-bounce which can not be calculated
using the phaser MTL equations. In addition, nonlinear termination such as transistors
and diodes can be readily incorporated into the terminations since lumped-circuit pro-

grams include sophisticated model lor them.
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Figure 6.2: (a) Lumped Pi model, (b) Lumped T model



Chapter 6 Application

6.3 TFrequency-Domain to Time-Domain Trans-

formation

The time-domain (TD) response of a multiconductor transmission line structure can
be determined from the [requency-domain (I'D) response using I'D to TD transformation.

Consider the single-output single-input Tumped linear system shown in Fig. 6.3

s WO o

3 Y (Jjw
X(Jw) H(jw) (Jw)

(b)
{—____—_"_—_—-——7
— & i i I
| i E Lo
|
) } - - Iﬁ(;,t)
T !
(<)

Figure 6.3: (a) A single-input single-outpul linear system in time-domain, (b) A sin-
gle-input single-outpul linear system in frequency-domain (¢) representation of the MTL

as a single-input single-output linear system

The response of the circuit in time-domain can be obtained via the convolution integral

t
y(t) = /_ ) h(t — 7)a(T)dr (6.23)

which is denoted as

y(1) = h(t) * =(1) (6.24)
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where (1) is the input signal. y(/) is the output signal and the unit-impulse response

(x(1) = 6(1), y(1) = k(1)) is denoted by h(t).

The response in the [requency-domain is
Y(jw)= H(juw)X(jw) (6.25)

where IT(jw) is the Fourier Transform of A1) and is called the transfer function of the
gystemnt.

The [requency-domain transfer function, I7(jw), can be obtained by applving unit-
magnitude sinusoids to the input and computing the response using the phaser compu-
tational method with the [requency of those sinusoids varying over the desired frequency
range. The time-domain impulse response can then be obtained as the inverse Fourier

transform of H (jw)
h(t) = F~H{H(Gw)} (6.26)

Any time-domain waveform can be decomposed into its sinusoidal components with
the Fourier series if it is periodic and the Fourier transform if it is not periodic. Ior
a periodic waveform with a period 7', these frequency components appear at discrete
frequencies that are multiples of the basic repetition {requency, wo = 27 /. In addition,
z(t) can be represented as the sum of these time-domain sinusoidal components with the
Fourier series as

NH

a(t) = co+ }: cqcos(nwot + Ley) (6.27)

n=0
The series has been truncated to N H harmonics. As an example, consider a periodic train
of trapezoidal pulses, as shown in Fig. 6.4. The pulses have peak magnitude, A, duty cycle,
D = t/r, where 7 is the pulse width and equal rise/fall times of 7,. The coefficients of

equation (6.27) are then given by

co= AD
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Figure 6.4: General trapezoidal pulse lrain

sin(nx D) sin(nxw fo7,)

€y = 24 -
nwl nw foTy

Ley, = —nw(D+ for,) (6.28)

The frequency domain transfer function is computed at each of the NII harmonic frequency,

then

H(jnwo) =| H(jnwo) | LH(jnwo) (6.29)
NH

y(t) = ¢ (0) + Z en | H(jnwo) | cos(nwot + Ly + LH(jnwo)) (6.30)
n=1

6.4 Crosstalk Analysis

Crosstalk refers to the unintended electromagnetic coupling between traces on printed
circuit boards (PCB) and cables. Crosstalk is a near field coupling problem that arises
from the presence of the voltages and currents on the traces. It generally concerns the
intrasystem interference performance of the PCB and Cables [69]. Therefore, crosstalk
analysis is essential for the design of products that do not interfere with themselves.

Crosstalk can also affect the susceptibility of the products to emission from other products.
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Cio iy C Lo Lt Ly

0| 109.2 | -186.8 | -65.5 28.06 | 16.4 13.1

L] -186.8 1 485.5 | -186.8 161 | 29.16 | 16.

2| -65.5 | -186.8 | 409.2 13.1 | 16.4 | 28.06

Table 6.1: The general capacitance malriz in [I" and the general inductance malriv in ni.

The objective of crosstalk analysis is to determine the near-end and far-end voltages given
the dimension of the structure and the termination characteristics.

Consider a PCB structure consisting of three traces over a dielectric material as shown
in Iig. 6.5. The electrical parameters of the structure are obtained using the methods
presented in the previous chapters. Table 6.1 gives the general capacitance and inductances
matrices, for the traces with a separation d = 20 mils. The resistance of the traces is 52.4

mSl at 10 MHz frequency

[ fe——— s | .

| ) | |

! . d T———-4—10 mils
$¥————— 120 mils———¥]

Figure 6.5: Three traces over a dielectric of permittivily €,=3.7

For the transmission line analysis, one of the conductors should serve as a return
conductor. Therefore, the conductor 70" is taken as the reference conductor and the

reduced parameter matrices, Ly and Cy are obtained from the general parameter matrices;
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using the lollowing equations:
Lyi; = Ly — L0 — Lo + Loo (6.3 1)

where 4,7 = 1,2,...,n and 1 # j, and

oo - k=0 G (000 G (6.32)
RN S ¥ ( I Zn (, ).
2 k=0 2m=0 " km

The three-conductor transmission lines representation of the PCB is shown in I'ig. 6.6
along with the spice model in Fig. 6.7. Both models are used for the calculation of the

crosstalk in the frequency and time-domain, respectively.

R Generator conductor

—\NAN—F) —

R, S

<V>+ Receptor conductor
% 9 —

RNE % RFE%

Reference conductor
0) N\
C J

Tigure 6.6: Three-conductor transmission lines model of the PCB

6.4.1 Frequency-Domain Crosstalk Analysis

For the frequency-domain analysis, the termination resistances are 50{ each and the
source have a sinusoidal signal with peak value of Vi = lv; with frequency variation of
LM Hz to 1GH z. Generally the crosstalk is considered as the superposition of three com-

ponents namely: inductive, capacitive and common impedance coupling. The inductive
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Pigure 6.7: Spice Pt model of the PCB

coupling is due to mutual inductances among the traces in the structure [69]. The capac-
itive coupling is due to mutual capacitances among the traces in the structure. However
common impedance coupling is due to the resistive losses in the structure which are of
significant values at low frequencies. The inductive coupling component dominate the ca-
pacitive coupling component for low impedance circuits ( high currents and low voltages).
The capacitive coupling component dominates the inductive coupling component for high
impedance circuits ( low currents and high voltages). Since the resistance is increasing
with the frequency, the current that flows in the transmission lines is decreasing causing
the dominance of the capacitive coupling.

The modal analysis of the transmission line is used to calculate the near-end and
far-end crosstalk of the PCB shown in Fig. 6.5 using a computer code written by C.
Paul [59]. The results are given in Iig. 6.8 and Tig. 6.9, respectively, and is compared
against voltages calculated using HSPICE [11]. The figures show close agreement between
HSPICE and the modal analysis in the low frequency range. However, HSPICE predicts
higher crosstalk in the higher [requency range since the [requency-domain modal analysis

approximates the resistance variation with frequency.
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Figure 6.8: A comparison of the frequency-domain near-end crosstalk voltages, calculated

by using HSPICE and the modal analysis method.
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Figure 6.9: A comparison of the frequency-domain far-end crosstalk voltages, calculated

by using HSPICE and the modal analysis method.
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d C C'o Liy Li

10 116 -0.58 19.96 1+ 13.48
10 -0.58 1 0.84 13.48 1 26.96
20 0.912 | -0.456 ||| 24.1 | 15.46
20 -0.456 | 0.702 15.46 | 30.9
30 0.796 | -0.398 1| 26.9 16.8
30 -0.398 | 0.633 16.8 | 33.36

Application

Table 6.2:  The capacilance malriv in pI and the inductance matrivin nil for a separalion

d = 10, 20 and 30 mils

To study the effect of the separation between the traces, the crosstalk voltages are

calculated for the PCB with a separation d = 10, 20 and 30 mils. The electrical parameter

matrices with reference to the conductor 0" are given in table 6.2. Notice that the ca-

pacitance values are decreasing with increasing separation. However, the inductances are

increasing with separation. It can be seen from the figures, that, the crosstalk voltage is

increasing proportionally with separation in the low frequency ranges; a result of increas-

ing the inductance values. However, the crosstalk voltage is decreasing with increasing

separation in the high frequency range due to the decreasing of the capacitance values.
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Pigure 6.10: A comparison of the frequency-domain near-end crosstalk voltages, calculated

Jor a separation d=10, 20 and 30 mils
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Figure 6.11: A comparison of the frequency-domain far-end crosstalk voltages, calculated

for a separation d=10, 20 and 30 mils
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To demonstrate the capability of the developed codes to handle complex PCBs, the
crosstalk analysis is performed for the structure shown in Iig. 6.12. The PCB structure
consisting of six traces and two dielectric layers. The width ol each trace is Smils and
the thickness is 3mils. The electrical parameters ol the structure arve obtained using
the methods presented in the previous chapters where trace "T0” is considered as the
reference conductor. Table 6.3 gives the capacitance, inductance and resistance matrices
for the traces calculated at 100 MHz frequency.

HSPICLE circuit simulator is used i'or the crosstalk analysis where a spice sub-circuit
model is generated using the electrical parameters in table 6.3. A 1o source with TH82 resis-
tance is connected to trace "T2” and the ends ol each trace are connected (o 75 load re-

sistances. The near-end and far-end crosstalk are given in Figs. 6.13 and 6.14,respectively.

The unit of the dimensions is mil

Figure 6.12: PCB structure consisting of five traces and ground trace
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i ! 2 3 g B
ClL| 45.0 |-19.15 ) -3.64 | -3.65 | -13.1
C2 1 -19.15 | 1707 | -21.2 | -30.4 | -63.28
C3 ] -3.64 | -21.2 ) 5755 | -24.62 ) -26.72
Cda | -3.65 | -30.39 | -24.62 | 141.0 | -16.27
C5 | -13.41 | -63.28 | -26.71 | -16.28 | 144.22
L1 | 132 1.08 (.96 1.10 1.03
L2 | 1.08 2.08 1.28 1.44 1.4
L3 | 0.96 1.28 1.66 1.38 1.17
L4 | 1.10 1.44 1.38 1.94 1.35
L5 | 1.03 1.4 117 1.35 L.75
R | 28.9 37.0 | 29.22 | 29.22 | 29.23

Application

Table 6.3:  The capacitance matriz in [F, the inductance matriz in nfl and the resistance

n msl
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Figure 6.13:  The frequency-domain near-end crosstalk voltages
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Figure 6.14: The frequency-domain far-end crosstalk voltages
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6.4.2 Time-Domain Crosstalk Analysis

The time-domain crosstalk is calculated [rom the [requency-domain crosstalk by using
Fourier transforms [65]. The input signal is a trapezoidal pulse train, shown in I'ig. 6.15-
which has a period of (lus), a (50%) duty cycle, a rise/fall time of (3.25ns) and a

peak voltage of (5v). The time-domain near-end and far-end crosstalk voltages of the

V5(£)]

5vi—-

L325qL 49350 1 30sn, | t
= lu ~

Pigure 6.15:  Trapezoidal pulse train

PCB, shown in Fig 6.5, for a separation d= 20 mils are given in I'ig 6.16 and Tlig 6.17,
respectively. The results are compared with those calculated using HSPICE transient
analysis. The time-domain crosstalk voltages are calculated for the PCB with a separation
d=10, 20 and 30 mils, using the Fourier transformation. The electrical parameter matrices
with reference to conductor ”0” are given in table 6.2. The near and far-end time-domain
crosstalks are shown in Fig 6.18 and IMig 6.19, respectively. It can be seen that the crosstalk
voltages are decreasing by increasing the separation distance between the traces on the
PCB.

Effect of pulse rise/fall time in crosstalk

Paul [59] showed that reducing the pulse rise/fall time causes higher time-domain crosstalk
voltages for a shorter period of time. The effect of the rise/fall time in the near-end and
far-end crosstalk voltages is shown in Fig. 6.20 and 6.21. The time-domain near-end and
far-end crosstalk voltages of the PCB, shown in Fig 6.5 with a separation d= 20 mils are

obtained using the transmission line modal analysis.



Application

Chapter 6

Modal analysis
Hspice analysis

150

100

Voltage (mv)

50

Time (ns)

Figure 6.16: A comparison of the time-domain near-end crosstalk vollages, calculated by

using HSPICE and the modal analysis method.

[ Modal analysis
_____ Hspice analysis
-150 0 A S S A S A o
) 2 4 6 8 10 12 “
Time (ns)

Figure 6.17: A comparison of the time-domain far-end crosstalk voltages, calculated by
using HSPICE and the modal analysis method.
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Voltage (mv)

150 -
- Separation « 10 mils
..... 7N Separation ~ 20 mils
~ PN + Separation « 30 mils
100
50
o]

Time (ns)

Iigure 6.18: A comparison of the time-domain near-end crosstalk vollages, calculated for

a separation d=10, 20 and 30 muls

Voltage (mv)

0 -
-50 —
~-100
Separation -~ 10 mils
_____ Separation ~ 20 mils
————— Separation « 30 mils
-150 T T T 1 v T ! T ' ' '
o 2 4 6 8 10 12

Time (ns)

Figure 6.19: A comparison of the lime-domain far-end crosstalk voltages, calculated for

a separation d=10, 20 and 30 mils
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Figure 6.21:

train with three different rise/fall times.

Application

Time-domain near-end crosstall vollages oblained using trapezoidal pulse

Time-domain far-end crosstalk voltages obtained using trapezoidal pulse
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6.5 Ground-Noise Calculations

A printed circuit board consisting of two traces over a dielectric laver, shown in
PPig. 6.22, is used to study the ground-noise. The PCB structure can be represented
by a two-conductor transmission line where one of the traces is a signal conductor and the
other is a return conductor. The electrical parameters of the structure are obtained using
the methods presented in the previous chapters. Table 6.4 gives the general capacitance
and inductances matrices for the traces with a separation d = 10, 20 and 40 mils. The

resistance ol each traces is 52.4 mQ at 10 M Tz frequency.

¥ 100 mils———>

Figure 6.22: Two traces over a dielectric of permittivity €, =3.7

A lumped-cireuit model for the structure is shown in Pig. 6.23, [88, 89], which can be
analyzed using HSPICE. A sinusoidal source with a peak voltage of 1v, source resistance
Ry = 50Q and a frequency range of (1 — 1000M H z), is used for the frequency-domain
calculations. Furthermore, the time-domain ground-noise is calculated using HSPICLE
transient analysis. The input signal is a trapezoidal pulse train, shown in Fig. 6.15, with a
period of (1 micro Sec), a (50%) duty cycle, a fall/rise time of (3.25ns) and a peak voltage
of (5v).

HSPICE is used to calculate the ground-noise Vv, using the lumped-circuit model
with load resistances of Ry, = 5, 50, 100 and 200 €. The frequency-domain results are

shown in Fig. 6.24 and the time-domain results are shown in Fig. 6.25. The figures show
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d i Cia Liy Liy

10 46614 | -293.0 28.5 1 18.52
10 -293.0 | 466.14 ||| 18.52 | 28.5
20 309.35 | -216.8 28.5 | 1645
20 -216.8 1 399.35 ||| 16.45 | 28.5
40 34875 | -154.0 28.5 1 13.92
40 S154.0 | 34875 ||| 13.92 | 28.5

Table 6.4: The capacitance matriz in [T and the inductance matriz in nH for a sepuralion

d = 10, 20 and 40 mals

2

e
R, Ly

Ry,
T
— L Vay

Figure 6.23: Lumped-circuil ground-noise model for a two-conduclor transmission line.
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that the ground-noise is decreasing by increasing the load resistance. This is due to the
decreasing of the current that flows in the transmission line.

To study the effect of the separation between the traces, the ground-noise voltage is
calculated for the PCB with a separation o = 10, 20 and 40 mils. The frequency-domain
results are shown in Iig. 6.26 and the time-domain results are shown in I'ig. 6.27. It can
be seen [rom the ligures that the ground-noise voltage is increasing proportionally with

the separation hetween the traces.

R
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Figure 6.24: A comparison of the frequency-domain ground-noise voltages, caleulated for

load resistances of Ry, =5, 50, 100 and 200 €.
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TFieure 6.25: A comparison of the time-domain ground-noise voltages calculated for load
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resistances of Ry, =5, 50, 100 and 200 §2.
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Iigure 6.26: A comparison of the frequency-domain ground-noise voltages, calculated for

a separation d=10, 20 and 40 mals.
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Figure 6.27: A comparison of the time-domain ground-noise vollages, caleulated for a

separation d=10, 20 and 40 mals.
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6.6 Radiation Model

An approximate radiation model based on the differential mode current distributions
can be used for the calculation of the radiation emissions [rom traces on PCBs. The
differential mode current distributions are obtained using circuit analysis or transmission
line modal analysis. These analysis are performed assuming the field structure surround-
ing the conductors obeys transverse electromagnetic or quasi-TIM structure. The cross
sectional dimensions of the structure is also assumed to be electrically small. The quasi-
TEM solution is not valid for imperfect lines or for structures with sever inhomogeneity
in the surrounding medium. Furthermore, the sum of the currents at any cross section
is assumed zero by taking the relerence conductor as the return bath for other conduc-
tor currents. In reality, the sum ol the currents at any cross section might not be zero,
as a results of the existence of other currents. Conductors or other metallic structures
which are not included in the analysis may cause these additional currents. In addition,
asymmetries in fhe physical terminal excitation, such as offset source position can cre-
ate non-TEM (common mode) currents. Furthermore, the physical termination such as
the wires connecting the loads and the source to the traces also create non-TEM cur-
rents. These common mode currents can not be predicted by the transmission line modal
analysis. These limitations, in the transmission line analysis, hamper the capability of
the method to predict accurately the radiation emission from traces on PCBs. Accurate
radiation emission estimation can be obtained using full wave analysis which dose not
presuppose the existence of only differential mode currents. However, quasi-TIXM analysis
can be used to obtain indication about the level of radiation and the radiation patterns

for structures with complexity that can not be handled by the full wave analysis.
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6.6.1 Formulations

The radiation emission from the traces on PCBs may be calculated by
E= —jwpd — (7 A) (6.33)
e ) ’

where the magnetic vector potential is given by
(kR
(6.31)

I ' / !
A = — . . /‘7.
A :17‘_‘/‘} J(r") I dr’,

and
— )2 (6.35)

R= 1t =4 =y (2

Substituting equation 6.34 into 6.33, gives the following integral equation

C—ij .
v, (6.36)

(__:iﬁ .'.,2 W A
=2 (02304 @00 9v

where
(6.37)

. _ _ {Ho
k= /upep, 1= 115

If the current x-directed then
z’ (6.38)

J(r") -7’ = T(z’)(,_%

After some mathematical manipulation, the following equation can be obtained

3 35k ,)> ( L 1 ) /)
=l gy prodf 2,
<R2 t % + R Ry
' (6.39)

(z —a')

E= 71 I(:E,)< 7

T Ark S

The three components of the electric field are then given by

(e =ah)? (_3 3jk qg) (2 gk _L>
I(2") (-——‘RQ + = -k + | & T I

—jn [
T dxk J.
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g =y =) (3 3k, T
B, = 2 o l]-?(éy y) <ﬁ+ - —~/\:3>( —d’ (611)
, —j1 =W z=2) /3 35k L\ e—ikR o
I = {;/7 : 1! /)g(;z ) (1{2 + “/jT - A:2> e’ (6.42)

Similar equations can be obtained for y- and z-divected currents.

The far field radiation pattern can be obtained using the following equation

= :%gﬁ(;‘_'ik"" / J,9(:‘_-M"’J‘*‘""“’"(]s' (6.413)
ke ] s Js

where

Peosth =1 -1 (G.11)

6.6.2 Results and Comparison

The following example illustrates all steps needed to obtain the radiation emission [rom
traces on PCBs. Consider a PCB structure consisting of two traces over a ground plane,
as shown in Fig. 6.28. The electrical parameters of the traces referenced to the ground
plane are given in Table. 6.5. A spice sub-circuit model is generated using these electrical
parameters where each trace is connected to the ground through a 10082 resistance. A volt-
age source with 509 internal resistance, magnitude V = lv and frequency f = 200 H =
is connected to trace ”T1”. The current distribution on the traces are obtained using
HSPICE circuit.

A simple radiation model is used for the field calculation [65]. Each trace of the PCB
is modeled by x-directed line source with current distribution I(z’) obtained by HSPICE
simulator, and the termination ends by z-directed line source with a constant current
distribution. The ground plane is replaced by an image line source below the ground,
Iig. 6.29. Two conductors configuration used for radiation results is shown in Iig. 6.30.
Fach line source is discretized into small segments and the current distribution is assumed

constant over each segment.
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The electric field integral equation formulation given above is used to calculate the
radiated fields at a distance » = L. The radiated fields in the y-z plane, ¢ = 907, and the
x-7 plane, ¢ = 07 are given in Iigs. 6.31 and 6.32, respectively, and they are compared with
results obtained using the Numerical Flectromagnetic Code (NEC). The results obtained
using the radiation model for ¢ = 90° pattern cut agree well with those obtained using
NEC. However, the the results for ¢ = 0° pattern cut have about 50% error compare to
those obtained using NI1C! as a vesults of the approximate representation of the z-divected
current components in the radiation model.

The radiated fields patterns calculated using the radiation model are given in

Figs. 6.32, 6.33 and 6.34 and they agree well with those obtained using NI2C.
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Pigure 6.28:  Cross section of microstrip structure consisting of lwo lraces and ground

plane

C1 | 26.53 | -3.37

C2 | -3.37 | 26.53

L1 | 97.88 | 12.18

L2 | 12.18 | 97.88

R | 0.357 | 0.357

Table 6.5: The capacitance matriz in pF, the inductance matriz in nH and the resistance

i ms)
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Figure 6.29: Radialion model
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Figure 6.30:  Two conductors configuration used for radiation resulls
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Pattern cut: $=90°
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I'igure 6.31:  Near-field emissions versus the angle 8 with ¢ = 90° and r = 1A

Pattern cut: ¢=0°
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Figure 6.32:  Near-field emissions versus the angle 8 with ¢ = 0° and r = 1A
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Pattern cut: ¢=90°
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Figure 6.33:  Radialion patlern versus the angle 8 with ¢ = 90 and r = 10\
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Pigure 6.34:  Radiation paliern versus the angle 8 with ¢ = 90° and r = 10A
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Pattern cut: ¢=90°
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Figure 6.35: Radiation pattern versus the angle 8 with ¢ = 90° and r = 10X
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Conclusion

A review of numerical modelling techniques emploved in the electrical parameter
extraction for multiconductor structures was carried out. When compared with other
methods, the integral equation method was found to be the most suitable one for the
capacitance calculation. However, for a complex three-dimensional structure, the 15N
becomes impractical because ol extremely large computational cost and memory storage
requirements.

A new two-stage technique was presented to reduce the cost and memory storage
requirement ol the IEM for the problem of the capacitance and conductance madtrices
extraction for multiconductor structures. The numerical results indicate that the proposed
method is faster than the classical IEM by a factor of m? for a system consists ol m
conductors. The results also show that the memory requirement by the proposed method
is much less than the requirement of the classical integral equation method. Furthermore,
the proposed method has proven to be accurate in comparison to the classical IEM and
FASTCAP program [1]. In addition, an iterative method is used to further improve the
accuracy of the charge distribution. The convergence of the iterative method can be
achieved with a smaller number of iterations, by using the results of the proposed method
as the initial values of the charges.

For the {requency-dependent inductance and resistance calculations, the partial ele-
ment equivalent circuit (PEEC) method is the most efficient technique; since it combines
the versatility of the IEM with the simplicity of general circuit network theory. However,

for a complex three-dimensional structure, the PEEC becomes impractical and the avail-
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ability of memory storage presents a limitation to applicability of this method. A two-step
technique was used to overcome the limitation ol the method. The technique was applied
to various structures and it gives accurate results in comparison to those obtained using
the classical PIEC method lor conductors with separations larger than their cross sec-
tional dimensions. Iurthermore, the two-step technique gives a substantial reduction in
memory storage requirements and computation cost in comparison to the PIEIC method.

The shortcoming of the two stage technique and the two-step method is that the error
increases with decrease in separation between the conductors. I'urthermore the error also
increases with the dielectric permittivity since increasing the dielectvic permittivity has
similar alfect as decreasing the spacing between the conductors. Tor such cases. where
the conductors are close to each other in comparison to their cross sectional dimensions,
more accurate results can be obtained by solving for the neighboring conductors together
in the first stage of the solution.

The near-end and far-end crosstalk and ground-noise voltages were calculated in the
frequency and time-domains for some printed board structures. The electrical parameters
of the structures were obtained using the methods presented in the thesis. Crosstalk and
ground-noise analysis were carried out using the transmission line and HSPICE circuit
simulator. In addition, the radiation emission from traces on a PCB was calculated by
modelling the traces as line sources with current distributions obtained from the crosstalk
analysis.

Recommendations

Electrical parameters extraction CAD package can be developed based on the two-

stage technique for the capacitance and conductance calculations and the two-step approx-

imation for the resistance and inductance calculation. This package should be capable of:
e Selecting the most efficient discretization of the geometry,

e Selecting fast and accurate integration algorithm for the calculation of the matrix
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elements, 7.c. applyving multipole expansions, closed form integrals and an adaptive

Gaussian point selection algorithm,
e Selecting an efficient method for the solution of the matrix system,

o (ieneraling a proper spice sub-circuit for the geometry of interest.

Future Work

e Combining the two-dimensional analvsis with the three-dimensional two-stage solu-

tion to achieve more eflicient parasitics extraction algorithmn,

e Studying the possibility of extracting the inductance and resistance matrices over a

range ol [requencies, rather than at a single [requency,

e Developing SPICE and radiation model for general boards with or without ground

planes.
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