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Abstract

The time domain computer simulation presented in this Ph.D. thesis is composed of three
parts. The first part is an introduction of a novel finite element formulation in the Laplace
domain and its applications to the techrical area of electromagnetic compatibility (EMC).
The second part presents a new time domain resistance (skin effect) model and its applica-
tions to the analysis of VLS interconnection systems. The applications include two topics:
time domain analysis of lossy VLS interconnects with a time domain skin effect model;
and time domain analysis of interconnect discontinuities. In the last part of this thesis, a
numerical modelling approach of the partial inductance, which is of great importance in
ground noise problems, is provided.

All the analysis models in this thesis are finalized in the time domain, though some of
them start in the Laplace domain or space domain. Original contributions are summarized

in Section 1.3.



Acknowledgements

I wish to express my sincere gratitude to Professor George 1. Costache {Chairman, De-
partment of Electrical Engineering, University of Ottawa), Ph.D. thesis supervisor, for
providing exceptional supervision throughout the research in the form of technical guid-
ance, thought provoking suggestions to solve practical problems, patience, friendship and
generous assistance in any other aspects necessary for the completion of the thesis.

I would also like to thank the thesis examiners who have carefully reviewed the thesis
manuscript and made valuable comments. They are: Dr. Satish Kashyap (Electronic
Warfare Division, Department of National Defense), Professor Michel Nakhla (Department
of Electronics, Carleton University), Professor T.K.Sarkar (Department of Electrical and
Computer Engineering, Syracuse University), and Professor D.Gibbons (Department of
Electrical Engineering, University of Ottawa).

I am grateful to many of the staff and colleaques in the Department of Electrical
Engineering, University of Ottawa, for various technical discussions.

Last but not the least, I would like to mention my family: Mom, Dad (who died with his
wish unrealized for my degree), aunt, sister for encouraging education. Most importantly,

I wish to thank my wife Hong and son Charles, for their unending support and love.



I hereby declare that I am the sole author of this document. I authorize the University

of Ottawa to lend this document to other institutions for the purpose of scholarly research.

Xiao — Ding Cai

I further authorize the University of Ottawa to reproduce this document by photo-
copying or by any other means, in total or in part, at the request of other institutions or

individuals for the purpose of scholarly research.

Xiao— Ding Cat



Contents

1 INTRODUCTION
1.1 MOTIVATION . . . . o e e e e e e e e e e
1.2 STATE OF THE ART OF TIME DOMAIN NUMERICAL SIMULATION

1.2.1 Direct Time Domain Solution

1.2.2 Frequency-Time Domain Solution

-------------------

1.2.3 Laplace-Time Domain Solution . . .. ... .. .. .. .......
1.3 PRIMARY ORIGINAL CONTRIBUTIONS
14 RESEARCH BACKGROUND

1.4.1 Review of Time Domain Finite Element Methods

.................
.........................

..........

1.4.2 Review of Frequency Dependent Skin Effect Models
1.4.3 Review of Time Dependent Skinr Effect Models
1.5 ORGANIZATION OF THE THESIS

.........
............

.....................

2 LAPLACE DOMAIN FINITE ELEMENT METHOD
2.1 INTRODUCTION
22 FORMULATION . . . . . o i e i
2.3 CONGRUENCE TRANSFORMATION . ..................
94 NUMERICAL RESULTS AND VALIDATION . . . .. ...... ... ..
95 APPLICATION TO A 2-D SHIELDING PROBLEM . . ... .......
26 CONCLUSIONS . . .ot e e e e e e

...............................

3 LDFEM APPLIED TO ANALYSIS OF A TRIPLE-TEM CELL
31 INTRODUCTION . . . . i oo e e e e
32 TEMMODEANALYSIS. . . .. . . i i e e
3.3 HIGH FREQUENCY PERFORMANCE . ................ ..

i



3.3.1 The LDFEM Formulation For 2-D Structure . . . . .. .. ... .. 44

3.3.2 Double Defined Nodes (DDN) . . ... ... ... 47
3.3.3 Numerical Results And Validations . . ... ... ... ....... 48
34 THE TRIPLE-TEM CELL. . . . . . . 0 it it e e oo e e e e e 52
3.4.1 Higher Order Mode Cutoffs . . .. ........ ... ... 52
3.4.2 Local Modes And Longitudinal Behaviour . . ... .. .. ... .. 53
3.5 COMPUTER-AIDED ENGINEERING DESIGN . .. ........... 58
36 CONCLUSIONS . . it e et e e et e e e 59

TIME DOMAIN ANALYSIS OF LOSSY VLSIINTERCONNECTS WITH

A TIME DEPENDENT SKIN EFFECT MODEL 60
4.1 INTRODUCTION . . . e e it e e i e i e 60
4.2 TIME DOMAIN SKIN EFFECTMODEL .. ... .. .. .. ... .. 63
4.3 MODAL ANALYSIS AND CONVOLUTION SOLUTION . ........ 68

43.1 Modal Analysis . . . . .. . . .. 69

4.3.2 Convolution Solution . . . . .. ... ... oo e 71
44 NUMERICAL FORMULATION. . . .. ... .. ot v i oo o v 74
4.5 SIMULATION RESULTS . . . . . . .o et e e e s 7
4.6 DISCUSSION AND CONCLUSIONS . . . . .. oot v v v v e v 86

COMPUTER SIMULATION OF PARTIAL INDUCTANCE OF PACK-

AGE REFERENCE PLANES 88
51 INTRODUCTION . . . . . ittt et e i i e e e e 88
5.2 THEORY AND NUMERICAL APPROACH . . . . . ..... .. ... .. 9
5.2.1 Definition of Partial Inductance . . . . ... .. ... ... .. ... 91
5.2.2 Numerical Solution . . . .. .. . . o e 93
53 APPLICATIONS . . . . . i i it e e i et e e e e v 95
5.3.1 Self and Mutual Partial Inductances . . .. ... ... .. .. ... 95
532 Numerical Results . . . .. .. ... oo 97
5.3.3 Partial Inductance Calculation for A PWB with ASlot . . .. ... 98

54 CONCLUSIONS . .. .. e e e e i e s 101

il



6 TIME DOMAIN SIMULATION OF VLSI INTERCONNECT DISCON-

TINUITIES 102
6.1 INTRODUCTION . . . . . i i e e e s 102
6.2 LUMPED ELEMENT MODELS OF DISCONTINUITIES .. .. ... .. 105
6.2.1 Equivalent I uctance and Resistance. . . . ... .. ..... ... 105
6.2.2 Equivalent Capacitance. . . . . .. ... ... .. 110
6.3 MATHEMATICAL INTERFACE ... .. .. ... . .. .. 112
6.3.1 Lumped Element Circuit As A Terminal Load . . . . ... ... .. 113
6.3.2 Lumped Element Circuit As A Signal Generator . . . . . . ... .. 116
6.4 APPLICATIONS TO VIA AND BEND STRUCTURES IN VLSI INTER-
CONNECTS . o vt et e e e e e e e e e e e e e e 122
6.4.1 An Indirect Verification . .. ... ... .. ... 122
6.4.2 Application to A Through Hole Via. . . . .. ... .......... 125
6.4.3 Application to Bend Structures . . .. ... ... ... ... 129
6.5 CONCLUSIONS . .. i i i i i e e e s e e 131

A ANALYTICAL SOLUTION OF A ONE-DIMENSIONAL TIME DO-
MAIN PROBLEM 133

B INTRODUCTION TO THE METHOD OF CHARACTERISTICS 136

i



List of Figures

21
22

23
2.4

2.5

3.1
3.2
3.3

3.4

3.9

3.6
3.7

The physical structure of the test problem. . . . .. .............

Time-history of magnetic field distributions excited by a double-exponential

A two-dimensional shielding problem (TM wave case).. . . .. . ... ...

Time domain response of the penetrating E,-field inside the shield (Location

Frequency domain responses of the E,-field inside the shield (Location A)
and outside the shield (Location B). . . . ... .. .. ... ...

Triple TEM cell: (a) 3-D configuration; (b) cross-sectional area. . .. ...
Potential distribution in a Triple TEMeell. . .. .. ... ... ... ..
Case 1: Variation of the vertical electric field (E,) distribution in a Triple-
TEM cell. The Agures on each curve indicate the normalized variations
in dB to the value of E, at the field center. (a = 1.0m,b = 1.0m,w =
0.5m, h = 0.875m, g = 0.1875m; field center: z. = 0.4375m,y. = 0.4375m.)
Case 2: Variation of the horizontal electric field ( E.) distribution in a Triple-
TEM cell. The figures on each curve indicaie the normalized variations in dB
to the value of E, at the field center. (a = 1.0m,b = 1.0m,w = 0.5m,h =
0.875m, g = 0.1875m; field center: z. = 0.4375m,y. = 0.4375m.) . ... ..
Double defined nodes on a perfect conductor for TE mode calculations (the
rectangular box represents a zero-thickness perfect conductor.}. . ... ..
A symmetric TEM cell as a test problem of the higher order modes. . . . .
Normalized propagation constants of higher order TE modes in z-direction
(F=250MHz).. .. .o

iv

42



3.8 Normalized propagation constants of higher order TE modes in z-direction

(F=400MHz).. . . .« oo
3.9 Normalized propagation constants of higher order TM modes in z-direction
(f= O50MHZ). . v v v e e e
3.10 Normalized propagation constants of higher order TM modes in z-direction
(F=400MHz). . . . ..« o o

4.1 A rectangular conductor with the width much lager than the thickness. . .
4.2 A triple-line structure with terminations. . . . . . . ... oo e
4.3 Time domain response of port 1 with and without time/frequency dependent
losses. (—) represents time domain resistance case, (— - —) dc resistance
case, (— — —) losslesscase [94]. . .. ....... ...
44 Time domain response of port 6 with and without time/frequency dependent
losses. (—) represents time domain resistance case, {— - —) dc resistance

case, (— — —)losslesscase [94]. . .. .. ... ...
4.5 Time domain response of port 2 with and without time/irequency dependent
losses. (—) represents time domain resistance case, (— - —) dc resistance
case, (— — —)losslesscase [94]. ... ... ... ..
4.6 Time domain response of port 5 with and without time/frequency dependent
losses. (—) represents time domain resistance case, (— - —) dc resistance
case, (— — —)losslesscase [94]. .. ....... ...
4.7 Time domain response of port 3 with and without time/frequency dependent
losses. (—) represents time domain resistance case, {— - —) dc resistance
case, (— — —) lossless case [94]. . ... ...

4.8 Time domain response of port 4 with and without time/frequency dependent

losses. (—) represents time domain resistance case, (— - —) dc resistance
case, (— — —)losslesscase [94]. . ... ... ..o
5.1 A packagereferenceplane. . . .. ... .. e
5.2 Simulation example for a package reference plane. . . . . . .. oo
5.3 Seli-/mutual-inductance related with sinks and sources. . . .. ...... ..
5.4 Lumped element equivalent circuit. . ... ... oo

35

56

a7

63
72

89



5.5

6.1

6.2

6.3

6.4
6.5

6.6

6.7
6.8

6.9

6.10
6.11
6.12
6.13
6.14
6.15
6.16

6.17
6.18

B.1

A gapped ground plane foe PWB, where “a” and “b” are two points between

which the partial inductance will be determined. . . . . . . .. .. ... 99

Equivalent circuits for a microstrip bend: (a) a right-angled bend; (b) LCL
model; (¢) CLC model; {d) RLCLR model. . . . .. .. ..o ovvevevs 103
Equivalent inductance and resistance for a through hole via: (a) geometry of

the via discontinuity; (b) partial equivalent circuit; (c) a full representation

of the equivalent circuif. . .. . .. . . oo 106
Comparing 5- and 1-element equivalent circuits: (a) real part of the total

impedance; (b) imaginary part of the total impedance. ... ........ 109
A structure for evtraction of the equivalent capacitance. . . ... ... .. 110

An RLCLR circuit modeling a discontinuity to terminate an interconnecting
151+ =T R I I I 114
The transmitted signal and the RLCLR circuit to form a new signal source:
(a) open circuit voltage; (b) short circuit current — case 1; (c) short circuit
CUITENt — €ASE 2. o v v o v e it e v e e e e e e e e e e e 117
Transmission line system for numerical testing of the mathematical interface.123

Time domain response at the sending end of a uniform transmission line

without presence of the discontinuity. . . . . . . .. ..o 125
Equivalent open circuit voltage. . . . . . .. ... oo 126
Equivalent open circuit voltage. . . . . .. .o o oo 126
Equivalent open circuit voltage. . . .. ...« .o 127
Equivalent internal resistance. . . . . . . ..o oo 127
Equivalent internal resistance. . . . . .. . ... 128
Equivalent internal resistance. . . . . . .. .. ..o 128
Circuit structure: (a) via-interconnecting lines circuit; (b) interconnecting

lineprofile. . . .. .o e 129
Waveforms of the pulse traveling through thevia. . . . ......... .. 130
Comparison between waveforms with and without the via. ... . ... .. 130
Transmission line divided into n sections. . . . . .. .. ..o 139

vi



List of Tables

2.1 The peak-time at different locations . . . . .. ... . ... ... 25
2.2 The higher order modes (TM) at Location A . . . . .. ........... 31
3.1 The first few TE mode cutoff frequencies (MHz) in sequence . . . .. ... 50
3.2 The first few TM mode cutoff frequencies (MHz) in sequence . . . . . . .. 52
3.3 TE and TM modes cutoff frequencies (MHz) for a TTEM cell . . ... .. 53
5.1 Numerical results for gap-inductance . . ... ... ... ... .. ... .. 100
5.2 Comparison between the several methods . . . . ... ... ......... 101
6.1 The equivalent circuit parameters . . . . . . . . oo oo 108

vil



Chapter 1

INTRODUCTION

1.1 MOTIVATION

In electrical engineering, numerical modeling or computer simulation has been constantly
actively involved in static and dynamic analyses of electromagnetic problems. In regard
to the dynamic analysis, which is the most concerned part of this Ph.D. thesis, numerical
modeling approaches are traditionally divided into two categories: one in the time domain,
and the other in the frequency domain. These two distinct approaches were developed inde-
pendently, especially in the early years. While appearing as a technical phenomenon, both
approaches have had a tendency to be merged in recent years. This tendency has resulted
in several new hybrid methods, such as Transmission Line Matrix (TLM) method,
Finite Difference Time Domain(FDTD) method, and some other time domain finite
element methods (see Sectionl.4).

One of the major features of these methods mentioned above is that, they provide time
domain results in a direct way. Thus, they could be called time domain methods. However,
most applications of these methods are in the frequency domain, where utilization of the
Fast Fourier Transforms (FFT) becomes an indispensable means. In terms of applications,
these methods could be considered as frequency domain methods. The bridge between
the time and frequency domain approaches appears solely to be the FF'T, and nothing else
whatsoever. (Here, a Laplace domain method is considered to be new and will be excluded
from the traditional time/frequency domain methods.)

The methodology adopted in these hybrid approaches follows a special numerical ar-

rangement called the Time-Stepping Schemes (T5S). The TSS features an easy and straight-

1



forward realization of time domain results, but suffers from numerical instability and long
computing time. On the other hand, to recover frequency domain results with the use of
the TSS approach, the FFT algorithm that must be engaged in requires full coverage of
the transient process. This full coverage may often result in a large number of time steps.
Thus, the ineffeciency of adopting the TSS and FFT is, in general, evident.

To avoid the stability and efﬁciency problems that are inherently related with the
existing numerical methods, a new approach has to be sought. A Laplace domain finite
element method (LDFEM), which takes the advantage of many meritorious properties of
the Laplace transforms, is proposed here for both diffusion and propagation problems. It
is seen that the present method is not restrained by any stability conditions. Hence, the
inefficiency that is associated with the stability conditions is evaded by using the LDFEM.
The LDFEM is thereupon applied to some transient EMC/EMI problems, where analysis
needs to be curried out in ejther time domain or frequency domain, or in both.

Time domain analysis has another important application area — VLSI interconnection
systems. In this technical area, time/frequency dependent distributed parameters have
recently become a major concern. Historically, distributed parameters, such as, resistance
R, conductance G, inductance L and capacitance C of transmission lines modeled for the
_ interconnects, have long been treated as time/frequency independent ones, or at most as
frequency domain models. For instance, the resistance of a transmissioa line is modeled in
proportion to the square root of the frequency. This frequency domain model is restricted
by the rise time of signal, which is interpreted in terms of a frequency bandwidth. As
the signal speed changes beyond the prescribed bandwidth, the frequency domain model
becomes incapable of revealing a real resistance change in the line corresponding to a wider
frequency range.

In this thesis, a time domain resistance model is derived for any strip-like conductor
with a ground plane by making use of the Laplace transforms. Application of this model
to high speed interconnects with multiconductors is presented. Advantages of the present
time domain model over conventional frequency domain models are: 1) no frequency limit
related to the signal rise time or signal speed; 2) no FFT process and associated problems;

and 3) complete suitability to high speed signal analysis.



1.2 STATE OF THE ART OF TIME DOMAIN NU-
MERICAL SIMULATION

An overview of the development of time domain numerical modeling in the areas of applied
electromagnetics and applied mechanics, which is most relevant to the objective of this
Ph.D. thesis, is presented here. More detailed review will be provided in Sectionl.4 and
in the beginning of each Chapter, respectively.

Concerning the finite elements formulated in the Laplace domain, the first literature
visible to public could be found in 1982 when K.Miya, M.Uesaka and F.C.Moon solved the
vibration problem of toroidal field-coils in mechanical engineering {1]. Then, H.T.Chen,
T.M.Chen and C.K.Chen put forward a systematic way of making a hybrid Laplace trans-
form/finite element method in dealing with heat conduction problems [2]. Later, they
extended their method from one dimension [2] to three dimensions {3]. It should be noted
that their contribution to this hybrid method is limited to diffusion problems in the ap-
plications within the field of mechanical engineering. The final numerical results derived
with these methods, though formulated in the Laplace domain, are eventually provided in
the time domain.

With regard to general finite element analysis, until now, there has not been any pub-
lished method that could solve both deterministic and eigenvalue problems with only one
formulation. Traditionally, these two types of problems are formulated and solved indepen-
dently. This survey conclusion applies to any finite element method (FEM) in any domain
(time or frequency).

In analysis of VLSI interconnections, three approaches could be classified as: A) direct
time domain solution, B) frequency-time domain solution, and C) Laplace-time domain

solution. The following literature survey will be focused on these three groups.

1.2.1 Direct Time Domain Solution

A typical time domain approach in this area is called the Method of Characteristics

(MoC) (please see Appendix B), which found its application to the field of electrical engi-
neering in 1967 [4]. Later on, F.Y.Chang (5] and V.Dvorak [6] elaborated this method for
more practical circuit applications. Until early the 90’s, the MoC had been extended to



treat complicated situations that allow nonuniform transmission lines, nonlinear termina-
tions and frequency dependent distributed parameters to be involved in the circuit /network
analysis. N.Orhanovic, V.K.Tripathi and P.Wang presented a Generalized Method of
Characteristics (GMoC) [7] - [9]. J.-F.Mao and Z.-F.Li proposed a hybrid method called
the Method of Convolution — Characteristics (MCC) [10] to tackle the frequency-
dependent losses encountered in the VLSI interconnects. A more general approach similar

to the one in [10] was also reported in [8].

1.2.2 Frequency-Time Domain Solution

A.R.Djordjevic, T.K.Sarkar and R.F.Harrington have offered typical solutions in the fre-
quency domain [11] [12). Other authors have also made contributions to the frequency
domain solutions [13]-(15). To convert their results into the time domain, the Inverse Fast

Fourier Transforms (IFFT) must be resorted to.

1.2.3 Laplace-Time Domain Solution

R.Griffith and M.Nakhla presented an alternative method [16] to the above frequency-time
domain solution. The modified nodal admittance (MNA) matrix and numerical inversion
of Laplace transform (NILT) are adopted in their method, which make their solution more
efficient and more accurate than the one with the IFFT. Their method has been improved
[17]-]20] since the publication of [16] in 1990.



1.3 PRIMARY ORIGINAL CONTRIBUTIONS

Technical contributions originated in this Ph.D. thesis may attribute to two parts: the
major and minor ones. The primary and important contributions are summarized as

below:

i. Proposed a dual-domain finite element formulation — the Laplace
Domain Finite Element Method (LDFEM) for prepagation problems,
which provides solutions in both time and frequency domains without using
the Time-Stepping Schemes (TSS) or Fast Fourier Transforms (FFT). The
efficiency and stability of the LDFEM is proved desirably to be better
than that of the methods which employ the TSS and FFT.

(to appear in Int. J. Numer. Model. - Electronic Net. Dev. Fields.)

ii. Developed a new numerical modeling approach which solves both eigenvalue
and deterministic problems in one run without reformulating the problem.

(to appear in Int. J. Numer. Model. - Electronic Net. Dev. Fields.)

iii. Explicitly expressed the field value at each node as a function of time
in the finite element formulation.

(to appear in IEEE Trans. on EMC, Nov. 1994 issue.)

iv. Introduced an efficient approach — Convolution Method to handle
complicated time domain excitations applied to the Laplace domain finite

element formulation.

(to appear in Int. J. Numer. Model. - Electronic Net. Dev. Fields.)

v. Analyzed and derived a time domain resistance model for transmission
lines modeled as VLSI interconnects with inclusion of ground plane

corrections and partial inductances.
(submitted to IEEE Trans. on Cir. Sys. Pt.L)

vi. Modified the Method of Characteristics — Convolution(MCC) with
time dependent resistance models and applied to high speed interconnects
with coupled structures. Called Modified MCC (MMCC).

(submitted to IEEE Trans. on Cir. Sys. PL.l)

5



vii. Constructed a mathematical interface between discrete time domain
solutions derived from distributed parameters and a lumped RLC circuit.
Based on this interface, the transferring voltage and current are both
explicitly expressed in the time domain without resorting to the FFT.)
(submitted to 1995 SBMG/IEEE MTT-S Int. Mic. Opt. Conf., Brazil.)

viii. Numerically characterized the Triple-TEM (TTEM) cell in both static and
dynamic aspects, and established a CAD guideline for the TTEM cell based
on field distributions, characteristic impedance, TE and TM mode cutoff
frequencies, and their longitudinal behavior versus frequency.

(to appear in IEFE Trans. on EMC, Nov. 1994 issue.)

Minor contributions will be indicated in the conclusions of each Chapter.



1.4 RESEARCH BACKGROUND

A brief survey of the literature focusing on the thesis topic has been provided in Sectionl.2.
Much broader review of the publications related to the research approach adopted in this
thesis needs to be done in such a way that one would understand why the author motivated
the two unique objectives (see Sectionl.1) to achieve. In this Section, the review will be

provided in two aspects according to the two objectives, respectively :

A. Time domain simulation with a Laplace Domain Finite Element Method

and its applications to transient EMC/EMI problems;

B. Time domain analysis of VLSI interconnects with a time dependent

skin effect model.

1.4.1 Review of Time Domain Finite Element Methods

There are, in general, three types of the time domain finite element methods (TDFEM):

traditional time domain, point-matched and finite volume FEMs.
A. Traditional Time Domain Finite Element Method (TDFEM):

Traditional TDFEM [21]-[26} uses well-established finite element formulation in the
space domain and solves the problem in the time domain with time-stepping or time-
marching schemes. Typical time-marching schemes include backward difference, Galerkin,

Crank-Nicolson and forward difference algorithms, for which different stability conditions
are to be satisfied [21].

B. Point-Matched Finite Element Method (PMFEM):

The Point-matched finite element method (PMFEM) is relatively new. The PMFEM
was first proposed by A.C.Cangellaris, C.C.Lin and K.K.Mei [27] in 1987. This method
combines the simplicity of the explicit integration scheme of the finite-difference time-
domain (FDTD) method with the versatility of conventional finite element spatial dis-
cretization procedures. The computational domain is discretized using two complementary

meshes, one for the electric and the other for the magnetic field, positioned in such a way



that an element of each mesh encloses a node of the other. This type of discretization
is quite similar to the one used in the FDTD and TLM methods. The major difference
between PMFEM and FDTD is that the interpolation function in the space domain is
exactly the same as the one employed in the nodal elements. The stability condition for
the PMFEM resembles the one for the FDTD method. The usage of the PMFEM is rather
less popular for some unknown reason. Quite a few applications can be found in [28]-[31].
It would be interesting if one noticed that the PMFEM has been applied to transmission
line analysis [30] [31]. But, again, the stability condition has to be satisfied.

C. Time Domain Finite Volume Method (TDFVM):

The time domain finite volume method (TDFVM) is an alternative way to cope with the
time dependent curl equations using the explicit integration technique. This method casts
Maxwsll’s equations in a conservation form, according to the standard computational fluid
dynamics procedures. A finite element treatment follows the semi-discrete conservation law
form, which essentially relates the timne derivatives of the electric and magnetic flux density
at the centroid of a grid element to the values of the projections of the magnetic and electric
fields, respectively, onto the edges of the element [28]. At interelement boundaries the
appropriate boundary conditions on the tangential electric and magnetic fields are enforced.
Finally, the Lax-Wendroff upwind scheme is used for the explicit integration of the spatially
discretized time dependent equations. The potential of this method comes from the fact
that its foundation consists of proven computational fluid dynamics procedures, which have
been developed over the last two decades. A similar stability condition is also needed for
the TDFVM. Applications of the TDFVM to electromagnetic problems are available in
[32]-[34].

All of the above time domain finite element methods are able to provide frequency
domain results by using the FFT procedures. To achieve this, a typical combination of the
TSS and FFT is, however, not evadable.

1.4.2 Review of Frequency Dependent Skin Effect Models

Skin effect is a historical topic in the field of elecirical engineering. A brief survey of the

contributors to this area, from J.C.Maxwell, Kelvin (W.Thomson) to H.A.-Wheeler, can be



found in [35). The skin effect phenomenon is also a concurrent engineering subject which is
encountered jn the VLSI designs. There are quite a few skin effect models in the frequency
domain. Some key references concerning these models will be reviewed in Chapter 4, but
relevant contributive papers are exhibited here as a part of the research background.

N.S.Nahman raised a problem of high frequency losses in coaxial cables concerning a
frequency dependent skin effect model in 1962 {36]. Later, T.D.English and J.J.McNichol
treated a similar problem for magnetic thin film memories [37} using the frequency tech-
niques developed by C.L.Bertin {38]. Using lumped equivalent circuit to represent the
frequency dependent skin effect, E.F.Miersch and A.E.Ruehli solved a lossy coupled trans-
mission line problem with inclusion of a lossy groundplane [39]. References [40]-[43] have a
common feature to cope with the frequency dependent losses. They all used transmission
line theory to empirically model the skin effect, not much numerical work being involved.
There is some frequency limit to their applications.

The first few cases of numerical treatment of the frequency domain skin effect can be
traced back to 1960’s [44]-[46] when the “filament technique” was availed. These filament
methods are very good for low frequency situation.

Another class of methods involves solving the magnetic vector potential integral equa-
tion [47]-[50]. Numerical results obtained by these methods are discrete resistance and
reactance values according to the prescribed frequencies. These skin effect models are con-
sidered as implicit models, which can not be incorporated into the concurrent time domain
solutions discussed in Sectionl.2.

Recently, Q.Yu and O.Wing [51] proposed a comprehensive solution that allows the
frequency dependent skin effect to be represented by the impedance of an RL ladder with
no FFT or convolution being required. However, this method is based on the model of the
square root of frequency, which is inherently restricted by a frequency limit corresponding

to the rise time of a pulse,

1.4.3 Review of Time Dependent Skir Effect Models

It should be noted that the most common frequency domain skin effect model is the square
root of the frequency. However, this model can only cover a frequency range from upper

medium to a relatively high frequency. In order to cover a wider frequency range, several



complicated but explicit models have been proposed [38] {43] [51] {52]. Up to now, only
one full coverage is attained in an implicit model [35]. On the other hand, if the skin effect
model is set up in the time domain, no frequency limits will be imposed.

The time domain skin effect model has long beer established since 1960’s, but not as
well done as its counterpart in the frequency domain. Only a few publications [53]-[56]
are committed to this model but they are of great importance to the thesis research (some
key references will be mentioned in Chapter 4). A.Timotin could be thought of as one
of the pioneers of the time domain skin effect model. He initiated the time domain model
for round conductors over a ground plane [53] and he also devoted himself to an intensive
study of the skin effect and transient analysis [54] [55]. The advantage of Timotin’s model
is the explicitness of the time domain function, which was not ascertained by C.-S.Yen

et al [56] even ten years later. —

1.5 ORGANIZATION OF THE THESIS

The thesis consists of three parts. The first part includes Chapter 2 and Chapter 3.
The second part contains Chapter 4. The last part has also one chapter — Chapter 5.
The first chapter of the thesis is a general introduction to all three parts. The last chapter
is an outline for the future work.

The first part (Chapter 2 and Chapter 3) introduces a new time domain finite ele-
ment method — the Laplace Domain Finite Element Method (LDFEM) in Chapter 2, and
demonstrates its applications to transient EMC problems in Section 2.5 and Chapter 3.

The second part (Chapter 4) proposes a new time domain skin effect model and in-
corporates this model into a newly formulated “Method of Convolution-Characteristics”.
Application of the new methodology to the transient analysis of lossy VLSI interconnects
are included in Section 4.5. Another important application to analysis of VLSI intercon-
nect discontinuities is included in Chapter 6.

The last part (Chapter 5) comprises an innovative approach to obtain the partial
inductance of any package reference planes. The partial inductance is an important pa-
rameter when analyzing the VLSI interconnection systems. The procedure to obtain the
self and mutual partial inductances is presented in Section 5.3. A numerical solution of

the partial inductance of a gap in a printed wire board (PWB) is provided with theoretical
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and experimental verifications in Section 5.3.3.
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Chapter 2

LAPLACE DOMAIN FINITE
ELEMENT METHOD

2.1 INTRODUCTION

In the field of electrical engineering, problems analyzed with the finite element method
(FEM) are commonly formulated in either space/frequency domain or space/time domain.
In the former case, time domain results are difficult to derive, while in the latter, time
domain solutions suffer from instability and long computing time.

Quite frequently, both frequency domain and time domain results are of interest in
certain types of applications with the FEM. Space/time domain approaches with the FEM,
as in [20] and [32], are able to provide such results with the aid of time-stepping schemes
and the Fast Fourier Transform (FFT). Generally, a time-stepping scheme requires the
satisfaction of the stability condition, that is, the ratio of spatial to temporal subdivision
is to be greater than or equal to the speed of propagation [29]. This results in another
problem, i.e., the finer the mesh, the smaller the time step that must be chosen [25].
In order to achieve a satisfactory resolution with the use of the FFT, longer computing
time is needed; in other words, more time stepc are involved. It is obvious that long
computing time is one of the drawbacks of the time-stepping schemes. On the other hand,
if the time step is not small enough, instability of numerical results occurs. The same
numerical phenomenon happens in other space/time domain approaches [26] {21], where
special numerical treatment, like the Cran)k-Nicolson algorithm, is involved.

Conventiona) time domain finite element approaches are restricted by computing time
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and the stability condition when both frequency domain and time domain results are
required at the same time, as in the cases mentioned above. Hence a new method based on
the finite element analysis needs to be sought. In circuit theory, there are many applications
with Laplace transforms: in order to obtain time domain results, the Laplace transform
and its inverse transform are used; in order to obtain frequency domain results, the Laplace
transform can still be used with the substitution of the Laplace parameter s for jw. The
same principle can also be applied to the problem formulation with the FEM.

In fields other than electrical engineering, finite element analysis combined with the
Laplace transform has been proposed to solve the vibration problem in toroidal field coils
[1]. A systematic approach of hybrid Laplace transform/finite element method has been
proposed since 1987 [2] [62] - [63] for heat transfer problems. In these applications, the
heat conduction equation, which describes the unsteady temperature distribution in a solid
domain, together with proper initial/boundary conditions, is transformed to the Laplace
domain and then solved by conventional node-based finite element method. This approach
has been extended to three-dimensional problems [3] but is restricted to diffusion type par-
tial differential equations, an important improvement being the adoption of the congruence
transformation of matrices 159] [63].

In this thesis, we use the same approach but extend it to the wave equations. Our
formulation is generated from a damped wave equation. Thus it can be used to deal
with either diffusion or propagation problems. This extension of the hybrid Laplace trans-
form/finite element method to propagation problems is especially necessary and important
in the field of electrical engineering.

Because of the reason stated above, we shall call our approach a Laplace Domain Finite
Element Method (LDFEM), differing from the approach used in the field of mechanical
engineering. With this approach, some diffusion and propagation problems of electromag-
netic fields can be formulated in the Laplace domain based on finite element analysis. The
main procedure is as follows: first, the given problem in the form of damped wave equation
associated with suitable initial and boundary conditions is transformed to the Laplace do-
main from the time domain and formulated with a conventional FEM scheme; secondly, the
congruence transformation is used to deal with the matrices; finally, the numerical results
derived in the Laplace domain are inverted into the time domain in either an analytical or

numerical way. The major advantage of utilizing the Laplace domain instead of the fre-
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quency domain is that we can easily make use of numerous existing analytical expressions
of the Laplace transform and its inverse transform, which are believed to be more numerous
than those of Fourier transforms. Another prominent advantage of the proposed approach
is that some typical time domain excitations, e.g., the unit step pulse and the ramp pulse,
can be exactly modeled through the Laplace transform. Besides, for some complicated
time domain excitations, the inverse transform process can be handled with the residue
theorem or the numerical method as in [57]. In this thesis, we also propose a new method
to dea! with the time domain excitation by benefiting from the analytical property of the
Laplace domain formulation. Through utilization of the Duhamel integral, which will be

discussed in Section 2.5, tackling any complicated excitation would be greatly eased.
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2.2 FORMULATION

For a homogeneous and source-free medium, the following damped wave equations are

derived from the Maxwell equations:

. 0K OF
VzE - Gﬂ-a't—z —_ U}LE' = 0 (2.1)
. O%H oH
‘H—ep—7nr— — =L .
V*H — ep Froaadiery 0 (2.2)

Equations (2.1) and (2.2) can be applied to either a diffusion problem where the second
term will be dropped or a propagation problem where the third term will be dropped.
Solving one of the above equations with appropriate boundary and initial conditions will be
enough to demonstrate our LDFEM algorithm. For simplicity, a one-dimensional problem
is formulated here with this new method and we will not lose the generality to apply it
to a multiple-dimensional system. Let us choose a transient magnetic field problem where
the field to be solved is distributed in the x-direction while it is invariant in other two
directions.

Applying the Laplace transform to Eqn.(2.2) in a one-dimensional case, we have

32

57 — eps®H + eusH(0™) + epH ' (07) — posH + poH(0™) =0 (2.3)

and the associated boundary and initial conditions

H(z,s) |B,= fplz,s) (24)
OH.3) |y = fu,o (25)
" H(z,07) = gole) (26)
H'(2,07) = 0(2) (27)

where H represents the H-field in the Laplace domain. In Eqns.(2.4) and (2.5), the

subscripts Bp and By denote Dirichlet and Neumann boundary conditions, respectively.
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Using the finite element analysis based on the variational techniques [58], the final

system of equations is obtained as

{[A] + (eps® + pos)[BI}H] = (/] (2.8)
where
N Zj
=3 [P Pl (2.9)
N
Bl=3 [ INOFINGda (2.10)
fl = gj f,-. “{eusH(OT) N + [enH' (07) + poH(0 )][N(°)]T}d:c
sSNOTGEL-GE e

where N is the total number of the elements.

In Eqns.(2.9)-(2.11), [N®)] is the vector of shape functions and [P(?)] is the vector of
the first order derivative of [N{®)] with respect to . The problem domain is defined in
¢ € |a,b], which is divided into N finite elements. Only the inhomogeneous Neumann
boundary condition is explicitly displayed in Eqn.(2.11) for reference while the Dirichlet
boundary condition can be implemented through the algorithm. H(0~) and H'(07) in
Eqn.(2.11) represent H(z,07) and H "(x,07), respectively. Either global matrix [A] or [B]
in Eqn.(2.8) should be symmetric and positive definite for the purpose of the following

mathematical processing.
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2.3 CONGRUENCE TRANSFORMATION

Solving Eqn.(2.8) with appropriate boundary conditions is not straightforward since it
involves the unknown Laplace parameter s, a complex number, which exerts its influence
on every element in matrix [B] and is not separable as an independent unknown in the
final system of equations. One possible way to the solution of Eqn.(2.8) is to reduce both
[A] and [B] simultaneously to the canonical forms and then all the unknowns except for s
could be decoupled.

A non-singular real transformation [59] can be applied to matrices [A] and [B] as long
as either [A] or [B] is symmetric and positive definite. The congruence transformation of
matrices has been successfully applied for this purpose in order to solve heat conduction
problems [3] [63]. In our case of solving the finite element equations based on the damped
wave equation, i.e. Eqn.(2.8), both [A] and {B] fortunately satisfy this condition after
the formulation with the conventional node-based finite element scheme. However, since
the final system of equations (2.8) must be associated with some boundary conditions
and even with the inhomogeneity of the media involved in the problem domain, one more
condition limiting the application of the non-singular real transformation to Eqn.(2.8) will
be imposed and mentioned later.

Let us first describe the procedure of the non-singular real transformation applied to
Eqn.(2.8) without considering the boundary conditions and irhomogeneity of the media.
We will start to apply orthogonal transformations to [A] and [B] based on the following
assumptions: i) both [A] and [B] are symmetric and positive definite; ii) the boundary
conditions do not destroy the properties of these two matrices, i.e., symmetry and posi-
tive definiteness; and iii) the problem domain is filled with homogeneous medium. These
assumptions can be modified or removed for the more general case. This will be discussed
later in the Conclusions.

For the purpose of reducing [A] and [B] simultaneously to canonical forms, we first set

[H] = Q&) (2.12)

where [Q] is an orthonormal modal matrix of [B] and H' is a new variable representing

its original H through the new transformation relationship Eqn.(2.12). Using the
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congruence transformation, we can write

[B'] = Q) [B]Q]- (2.13)
[Q] is chosen to comprise normalized and orthogonal eigenvectors of [B). [B'] is then
expressed as
M
72
[B] = . (2.14)
Yn-1
Tn
where 71, ¥z, --., 7o are the eigenvalues of [B] and n is the number of unknowns. Q)T can
be written as
€1
€2
QF=} : (2.15)
€n-1
€n

* where e, €3, ..., &, are the eigenvectors of [B].

Since [B] is a positive definite matrix and 71, 7z, -, 7= are all positive eigenvalues, [Q]T

can be normalized by using these eigenvalues as

el/ﬁ
exf /1t

@) = : (2.16)
6n—1/\/7;:f
enf\/Tn
Replacing [Q] with [@'] in Eqn.(13), we obtain a unit matrix
1
1
(B'] = QT1BlQ] = . = [1). (2.17)
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We will use a new variable H' which satisfies

(] = QA

instead of Eqn.(2.12). Substituting [H] in Eqn.(2.8) yields

{[A]+ (eus® + pos)[ BQA = [f]

Premultiplying Eqn.(2.18) with [Q']7, we obtain

{[QTTIAQ + (eps® + pos) QT [BIQNAT = [F]

where

71 =@/

According to Eqn.(2.17), Eqn.(2.20) can be written as

{IQTIAlQ] + (ens® + pos) AT = [F]

We define

[Cl = [QT7[A)Q"

and further set

(8] = W)[H"]

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

where [W] is an orthonormal modal matrix of [C]. In the same fashion as we obtain [B'],

we have
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(€] = W) [CliW] (2.25)
where [W] is chosen to comprise normalized and orthogonal eigenvectors of [C].

Since the above equation represents a congruence transformation, we have

Az
] = . (2.26)
An—l
An

where A1, Az, ..., An are the eigenvalues of [C]. Substituting Eqns.(2.23) and (2.24) in
Eqn.(2.22) and premultiplying Eqn.(2.22) with [W]?, we obtain

(WY [CIIW] + (ens” + pos)WITIIWINA"] = (] (2.27)

where

(7= WIFIf') (2.28)

Since [W] is an orthonormal modal matrix, it is easily seen that the following equation

holds

(wirnw) = (1}. (2.29)

Thus we finally have

{IC] + (ens” + pos)I}H"] = [f7]. (2.30)

We notice that the above equation is solved since all the unknowns in [H"] are decou-

pled. The nodal solutions for [A"] can be written, for example, as
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g F(s) L
H(s) = N T (eps? + io9) (:=1,2,..,n). (2.31)

The original unknowns [H] can be traced back by Eqns.(2.24) and (2.18) and the time
domain results of H;(z,t) can be obtained with the inverse Laplace transform. It is seen
that the inversion of the Laplace transform could be easily performed on the analytical

expressions like Eqn.(2.31).
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2.4 NUMERICAL RESULTS AND VALIDATION

In this section, we will solve a one-dimensional diffusion problem as a test problem to
validate the above proposed algorithm. The test problem is shown in Fig.2.1 , where a
time-dependent current () is flowing through a a slot in a metallic structure of infinite
length. The side and bottom walls of the slot are made of magnetic walls. The current is
produced by the H-field uniformly excited on the top surface of the slot, which can be any
function of the time. As depicted in Fig.2.1, the direction of the H-field on the top is right-
pointed producing a current (normal to the transverse plane of the slot). Since the metal in
the slot has finite conductivity o and finite permeability ¢ and all three walis have infinite
permeability, this is obviously a one-dimensional diffusion problem uuder given excitation.

The analytical solution for the given problem is provided in the Appendix. In fact,
to solve it numerically, the problem formulation has been established through Eqns.(2.3)-
(2.11) while the term with s? can be dropped due to omission of the displacement current.
Assuming only when ¢t > 0, the excitation field is applied to the top of the slot. Thus
the initial condition related with H(0~) and H'(0~) are set to be zero. Since only the
Dirichlet boundary condition is involved, the right-hand side term of the final system of
equations, i.e., [f] in Eqn.(2.11), should be modified with the appropriate contribution
from the top-exciting H-field.

There are two ways to apply the inhomogeneous Diricklet boundary condition:

i. Direct method — if the time function is simple, that is, if the Laplace transform
of the excitation and the related inverse Laplace transform of the expression (2.31) are
easily found, we can simply apply the original time domain excitation with its form in the
Laplace domain on the boundary without involving any convolution process.

ii. Convolution method —— if the time function is complicated, we can first use the
unit step pulse function as the excitation, and then, after finding out the response of the
simple excitation, we will use the Duhamel integral to retrieve the original response to the
complicated excitation.

In general, either method can be implemented since we always have the explicit expres-
sions, e.g., Eqn.(2.31), to perform the inverse Laplace transform or to utilize the Duhamel
integral. This advantage may not be taken over by other time domain methods, such as

the Time-Domain Finite-Difference (FDTD) method, the Transmission-Line Matrix (TLM)
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Figure 2.1: The physical structure of the test problem.
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Figure 2.2: Time-history of magnetic field distributions excited by a double-exponential
EMP.

method and the afore-mentioned time domain finite element methods.

Fig.2.2 illustrates the comparison between the numerical results derived with the LD-
FEM algorithm and the analytical solutions in the time domain for the given problem
shown in Fig.2.1. The excitation of the H-field on the top of the slot is chosen to be in the

following form

H(t) = Ag{e™® — %) (z =d). (2.32)

This is an electromagnetic pulse (EMP) type of excitation featuring a steep rise slope if
both a and A are properly set. We choose o and f to be 4.0 10%(1/s) and 4.76 - 10%(1/s),
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respectively, for the purpose of checking the early time response. For the results shown in
Fig.2.2, the physical parameters are Ag = 1.0(A/m), d = 1.0:107%(m), p = 47-10""(H/m)
and o = 5.76 - 105(S/m). Another boundary condition is

H(t)=0 (z =0). (2.33)

The direct method mentioned above is used to obtain the LDFEM results in this test
problem. Good agreement has been found in the comparison (Fig.2.2) even though the
number of the uniform elements is only 8 and the linear basis functions are used [58].
No early time oscillation (numerical) is observed at different locations. Table 2.1 shows
the peak-time at different locations in the problem domain z € {0,d] due to the double-
exponential EMP excitation Eqn.(2.32).

Table 2.1: The peak-time at different locations

Locations | Theory (sec.) | LDFEM (sec.)
z/d=0.25| 11.13-107° 11.41.10°°
z/d=050] 109610~ 11.16-107°
z/d=0.75 | 10.38- 107° 10.91-107°
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Ez(t)

Figure 2.3: A two-dimensional shielding problem (TM wave case).

2.5 APPLICATION TO A 2-D SHIELDING PROB-
LEM

As discussed in Section 2.2, the application of the LDFEM algorithm to a propagation
problem is straightforward if we follow the generalized approach described earlier. We can
simply drop the terms involving oy due to omission of the conduction current. This will
cause some modifications in the problem formulation (in a general sense) with the LDFEM.
For example, if the term involving op in Eqn.(2.31) is dropped, the sclution of Hi(x,t) is
known to correspond to that of a wave equation. This is why we started with the damped
wave equations in Section 2.2.

In this Section, we present a demonstration of the application of the LDFEM algo-
rithm, where both frequency domain and time domain results are needed. Consider a two-
dimensional (2-D) shielding problem: two TM plane-waves, independent of z-coordinate,
oppositely impinge on a rectangular metallic cylinder serving as a electromagnetic shield,

in which four slots or apertures are symmetrically located(Fig.2.3). Owing to the sym-
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metry of the problem, only a quarter of the geometric structure is shown in Fig.2.3. The

boundary conditions for the problem are as follows:

E.(1) = 2\/:3-”* (on ) (2.34)

aEz(t) — _ -
oy 0 (on cb and oa) (2.35)
aE;(t) =0 (on ba). (2.36)

For the excitation on the boundary éo, we choose Gaussian pulse (Eqn.(2.34)) such that
the spectral components of the TM waves are under control. The Laplace transform of

the given form of the Gaussian pulse is

2 s

Ez(s) = e"{Tzerfc(Q\/a;

) (2.37)

where the complex error functions are defined as

effc(y% =1-—erf(y) (2.38)
erf(y) = ﬁ/o e dw . (2.39)

It is found that numerical implementation of the Gaussian pulse excitation with the
LDFEM is difficult. One possible way to tackle this problem is to use the Duhamel integral,
that is, the convolution method mentioned in the previous section. The Duhamel integral

is written as

:
#a,1) = Y@ 000) + [ Blat-B(Er  (>0) (2.40)
where 1(z,1) is the system response to the excitation of b(1) = u(t), a unit step pulse.

When b(t) is chosen to be any other function, e.g., E,(t) given by Eqn.(2.34) or H({)
given by Eqn.(2.32), ¥(z,1) is always in the form of the system response to the unit step
pulse. This offers a great flexibility. As long as the problem is solved with the LDFEM
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to the excitation of the unit step pulse, one of the simplest excitation functions, any other
system response ¢(z,?) to any other complicated excitation b(t) is ready to be given by
the Duhamel integral. This feature of the convolution method also eases the process of
obtaining the time domain results since no numerical inverse Laplace transform would be
needed for the complicated excitations. It is noted that the way of using the numerical
inverse Laplace transform is highlighted in [2], which is different from our approach.

Considering numerical implementation of the Duhamel integral, there are two ways to
accomplish it: i) in combination with time-stepping schemes, Eqn.(2.40) can be numerically
modeled by the first order approximation in the time domain [26]; ii) in combination with
the LDFEM algorithm, both #(z,t) and b(t) have analytical expressions, e.g., Eqns.(2.34)
and (2.31), and then Eqn.(2.40) can be solved in either an analytical or numerical way.
By taking the advantage of many sophisticated numerical integral packages, the second
method is believed to yield more accurate results than those of the first one. It is apparent
that we benefit from the analytical property pertinent to the LDFEM algorithm.

Fig.2.4 shows the time domain response at Location A (Fig.2.3) to a Gaussian pulse

excitation

_ Ao —aa(t—to)? -
E.(t)= ﬁe (on éo) (2.41)
where Ap = 2.0(V/m), az = 2.65+10%%(1/s?), and the time shift £, = 20.0- 107°(s).

Fig.2.5 illustrates the frequency domain responses at different locations (A and B in
Fig.2.3). The physical structure of the problem shown in Fig.2.3 is as follows: the 2-D shield
with slots is made of perfect conductor; the excitation source has no spatial variation in
z-direction, i.e., the propagation constant k, = 0; 6a = 1.0(m), ga = 0.2(m), ha = 0.2(m),
bo = 1.0(m), de = 0.05(m), and the slot width ef = 0.05(m). Locations A and B are
given in the rectangular coordinates shown in Fig.2.3 as 74 = 0.9571(m), ya = 0.05(m)
and zp = 0.4(m), yp = 0.05(m). For the results shown in Fig.2.4 and Fig.2.5, we have
364 ponuniform elements with 181 nodal unknowns. The frequency domain resulis are
obtained with the use of the FFT. Instead, the frequency domain results can also be
obtained by justifying the eigenvalues derived in the congruence transformation [60]. The

latter facilitates the process of obtaining both frequency domain and time domain results
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Figure 2.4: Time domain response of the penetrating E,-field inside the shield (Location
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without formulating two different problems: one deterministic and the other eigenvalue,
respectively.

A brief discussion on the results given in Fig.2.4 and Fig.2.5 is needed. The shielding
structure in Fig.2.3 is like a rectangular waveguide. Under the TM wave excitation through
the slots, the transverse resonances of the higher order modes would occur in the shield. In
the 2-D case, the transverse resonance frequency happens to be the corresponding cutoff
frequency of an infinitely long waveguide [61]. For the given dimensions of the shield and
the specified excitation, the transverse resonance frequency of the first higher order mode,
i.e., TMy1, is easily determined as 530.3( M Hz). The numerical result shown on the curve
of “Location A” in Fig.2.5 displays this resonance at 531.9(M Hz) with a strong contrast
while this resonance is not observed outside the shield, i.e., on the curve of “Location B”.
Table 2.2 displays a comparison between the theoretical and numerical results for the first
few higher order modes (TM) excited at Location A in the shielding. In this comparison
(Table 2.2), the theoretical results are derived for a rectangular wave guide with perfect
walls (no apertures). Since the dimension of the apertures in the numerical model is small
compared to the one of the walls and the location of the apertures does not cause large
distortion of the excited modes, we would trust this comparison to an acceptable degree of

accuracy.

Table 2.2: The higher order modes (TM) at Location A

Mode | Theory (MHz) | LDFEM (MHz) | Error (%)
T M, 530.33 531.90 0.30
TM;, 838.53 894.50 6.67
T Mo, 1660.66 1132.00 6.73

Other minor resonances on both curves (Fig.2.5) are caused by the interaction be-
tween the shield and the boundaries since neither the far-field condition nor the absorbing
boundary condition is imposed. These minor resonances also cause small disturbances in
the time domain results as one can find that small ripples follow the main pulse (Fig.2.4).
In addition, one can observe the peak-time of the pulse at {,cox = 20.224 - 10~%(s) since the
time shift of the Gaussian pulse is t = 20.0 - 10%(s).
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2.6 CONCLUSIONS

The algorithm of the Laplace domain finite element method is presented in this thesis
including its validations. Satisfactory numerical results are found in a one-dimensional
diffusion problem and, therefore, validate the algorithm. In principle, the LDFEM algo-
rithm is limited neither to one-dimensional problems nor to diffusion problems. Thus it is
applied to a 2-D propagation problem and reasonable results corresponding to the specified
physical structure are obtained in Section 2.5.

The application in Section 2.5 is chosen in such a way that one can understand better
the applicability and limitations of the LDFEM. First of all, the LDFEM can be used in
multiple-dimensional systems for either diffusion or propagation problems. Without any
time-stepping scheme, the resultant numerical solutions derived with this method can be
given in both time domain and frequency domain at almost the same computing time, es-
pecially for propagation problems. Using the inverse Laplace transform or the convolution
method, time domain results are obtained straight away. Justification of the eigenvalues
derived in the congruence transformation provides useful frequency domain results, such
as cutoff frequencies of a waveguide. This means that the frequency information about
the system to be solved has already existed in the process of the LDFEM solution even
though the FFT is not used. We can utilize this property of the LDFEM in other appli-
cations [60]. It is evident that the LDFEM combines both deterministic and eigenvalue
problems together, and, therefore, it provides either or both solutions depending upon the
applications.

Two limitations pertinent to the present LDFEM algorithm should be addressed if the
congruence transformation is used. It is seen in Section 2.3 that the property of symmetry
of the two matrices [A] and [B] is a preliminary requirement for positive definiteness. To
ensure the symmetry, boundary conditions are restricted to the Dirichlet and Neumann
boundary conditions, either homogeneous or inhomogeneous. No mixed boundary condi-
tions, such as Cauchy boundary condition, are allowed because mixed boundary conditions
would destroy the required properties of the matrices. This means that the far-field con-
dition and the absorbing boundary condition could not be used with the present LDFEM
algorithm. However, this limitation might be removed if some other method, for exam-

ple, the “Double Dire + (.ussian Elimination” approach [2], is applied to deal with those
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matrices. Another limitation is related to the inhomogeneity of the media in the problem
domain. Examining the coefficient of matrix [B] in Eqn.(2.8), i.e., eus® + pos, one can
find that if the media are filled partially with € {other than €;) or partially with o (other
than o = 0) while both ¢ and & are present at the same time in the problem domain,
the congruence transformation is not a successful treatment to the Laplace domain finite
element formulation. Otherwise, inhomogeneity is allowed in either pure diffusion or pure
propagation problems.

The convolution method proposed in this thesis is an efficient and versatile way of
tackling complicated time domain excitations. It also assures excellent accuracy of the nu-
merical results because explicit analytical expressions can always be found when necessary
in the LDFEM algorithm.

Since no time-stepping scheme is involved, instability and long computing time are
avoided with the LDFEM.
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Chapter 3

LDFEM APPLIED TO ANALYSIS
OF A TRIPLE-TEM CELL

3.1 INTRODUCTION

Recently, a new type of TEM cell having two separately perpendicular inner conductors
(septums) has been proposed [64]. Called the “Triple-TEM (TTEM) cell”, this new de-
vice features an additional electric field polarization in the transverse plane compared to
conventional TEM cells and GTEM cells.

The TTEM cell (Fig.3.1) has a GTEM cell-like configuration in appearance but the
two perpendicular septums distinguish it from the latter one. Alternative exposures can
be achieved when one of the septums is set to a higher voltage while the other as well as
the outer conductor are at the same voltage. It is evident that the equipment under test
(EUT) is exposed to either a y-polarized or an x-polarized electric field (Fig.3.1) with only
an electrical switching between these conductors. By using a turntable [64] on which the
EUT is placed, the equipment can be better illuminated in the specified electromagnetic
environment established in the TTEM cell. Compared with traditional test procedures,
in which the EUT has to be positioned in several orientations [65], the TTEM cell setup
facilitates the measurement of the EUT inside the cell.

Conventional TEM cells and GTEM cells have the same transverse configuration: only
one inner conductor either symmetrically located or offset, in the y-direction, for instance.
Analysis of symmetric and asymmetric TEM cells can be carried out by resorting to semi-

analytical or analytical methods {66]-{70] for better accuracy. In some other cases, numeri-
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cal methods have also been applied to two-dimensional (2-D) and three-dimensional (3-D)
analyses of TEM cells [71)-[73]. Besides, experimental methods [74]-[75] have long been
employed ever since the invention of the TEM cell. A hybrid theoretical/empirical method
has also been used in the evaluation of the longitudinal variations of the field and the line
impedance in the TEM cell [76]. Based on all these resulis, a set of engineering design
approaches has been established for the these conventional cells.

It has been seen that the existing design approaches are not applicable to the design
of the TTEM cell due to its unusual septum geometry (Fig.3.1). An essential analysis
of the TTEM cell should include all basic characteristics (static and dynamic), such as
the TEM field distributions, characteristic impedance and cutoff frequencies of the higher
order modes (TE and TM). Of all the aforementioned methods, numerical methods would
be the best choice for the required analysis. In this chapter, the conventional finite element
method (FEM) is chosen to determine the first two static characteristics, i.e. the TEM field
distributions and characteristic impedance. Concerning the high frequency performance of
a TEM cell-like structure, Das and Sinha [71] used a finite element formulation to treat the
symmetric TEM cell and reported corresponding TE and TM modes cutoff frequencies.
However, their method is restricted to the symmetric geometry of the inner conductor
location and can not be extended to obtain TE mode cutoff for the unusual arrangement
of the septums like the one in the TTEM cell. The newly proposed finite element approach
— Laplace Domain Finite Element Method (LDFEM) {77] is adopted here for the analysis
of the dynamic characteristics of the TTEM cell. In combination with a special numerical
treatment for perfectly conducting boundaries, which is a difficulty in the TE mode case,
the LDFEM algorithm is able to tackle the problem of both TE and TM modes in the
TTEM cell without generating spurious modes.

The LDFEM is a dual-domain method, with which both time domain and frequency
domain results can be obtained in the numerical process [77]. Since no time-stepping
scheme is involved, the LDFEM provides stable solutions in the time domain. Without
resorting to the Fast Fourier Transform (FFT), the LDFEM algorithm also yields useful
information in the frequency domain, for example, the cutoff frequencies of a waveguide
structure. The latter property of the LDFEM is fully utilized in the present numerical
analysis. In addition to the elaborate discussion (77] on the problem formulation with the

LDFEM in a one-dimensional case, this chapter will provide an extension of the algorithm

36



to a 2-D formulation in detail.

Even though the TTEM cell has a structure which would require a 3-D analysis, it is still
possible to carry out the analysis in two dimensions. All the numerical computations will
only involve the transverse plane since the geometric ratios in the cross-sectional area of the
TTEM cell are not a function of the longitudinal coordinate, say the z-coordinate (Fig.3.1).
However, the local higher order modes will start to propagate at different longitudinal
positions [€7]. According to [67], the propagation properties of the local higher order modes

will be determined by the dynamic characteristics of a corresponding uniform structure.
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Figure 3.2: Potential distribution in a Triple-TEM cell.

3.2 TEM MODE ANALYSIS

The TTEM cell is a multiple-conductor system that will support pure TEM fields at fre-
quencies below the cutoff of its first hlgher order mode. To obtain its basic characteristics,
such as the TEM field distributions-and the characteristic impedance, a TEM mode anal-
ysis can be carried out based on the assumption that the concerned frequency is below the
first cutoff. A conventional node-based finite element method {78] is chosen here and the
TEM mode analysis can start with the Laplace equation for the sourceless cross-sectional
area of the TTEM cell.

In the transverse plane shown in Fig.3.1 (b), the problem domain {2 is bounded by the
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Dirichlet boundary conditions, either homogeneous or inhomogeneous, depending on the

excitations. For simplicity, two cases are specified as follows:
Case 1: septum A is set to 1 Volt while septum B is at 0 Volt;

Case 2: septum A is set to 0 Volt while septum B is at 1 Volt.

In both cases, the outer conductor is always set to 0 Volt. The same value of the

characteristic impedance can be found when dealing with either case.

The two-dimensional electric potential ®(z,y) distribution is governed by the following

Laplace equation

3*®(z,y) + ®(z,y)
oz? oy

=0 (3.1)
and the associated boundary conditions mentioned above.

The problem is to find the potential distribution first. In the quasi-static analysis,
the TEM fields can be obtained via the potential distribution, and then the characteristic
impedance is resolved by the electric energy stored per-unit length in the system. Using

the finite element procedure, the appropriate functional to be minimized for (3.1) is

r@) = [P0ty By, (82)

where the problem domain §) is divided into finite elements.

By introducing the linear interpolation functions in each element and minimizing the

functional (3.2), we have the following final system of equations
[K)[®] = [f] (3.3)
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where [K] is a symmetric matrix by virtue of the self-adjointness of the Laplacian
operator describing the potential distribution, and {f] contains the contributions from the
inhomogeneous Dirichlet boundary condition. Fig.3.2 illustrates the potential

distribution in the cross section of the TTEM cell.

Once the potential distribution is obtained, the TEM field distributions in the cross-

sectional area are ready to be obtained numerically from

E(z,y) = Ex(z,9)@: + Ey(z, )8, = —V¥(z,y) (3.4)

and for each element, we have

E.= —'2%[(%' = Ym)®i + (Ym — 1)®; + (35 — ¥7) 0] (3.5)
Ev = —2_1.; (Zm - I?j)@.' + (:L‘,' - a:m)‘I)j + (.’:’:J' - x;)@m] (3.6)

where A is the area of each element, and ¥, ;,, represent the electric potentials at three

vertices (i, j,m) of each triangular element, respectively.

Fig.3.3 and Fig.3.4 show the dominant electric field component distributions for Case 1
and Case 2 in a TTEM cell. The field centers in Fig.3.3 and Fig.3.4 are the geometric
center of the uniform E—field area. The dot-dashed line in both figures indicates the
“one-third-area” rule of the cell’s lower usable space.

The “one-third-area” rule was recommended in (74] as a reference to justify the uni-
form distribution of the electric field in the referred space in the TEM cell, which consists
of a third the lower chamber height and width. In fact, the field uniformity varies with
both position and operating frequency when an empty cell is concerned. As the frequency
increases, the higher order modes will perturb the well-established dominant (TEM) mode
distribution and field variation due to non-ideal termination match will occur [76]. How-
ever, if the cell is well matched over the prescribed frequency range and a reasonable
termination absorber is used, the higher order modes are only weakly excited and are not
highly resonant. Thus, this will result in a very uniform field versus frequency (79]. Based

on these conditions, field uniformity versus position is of our concern in this chapter. Since
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the TTEM cell has a tapered structure, the TEM mode propagates as a spherical wave
front. Therefore, Fig.3 and Fig.4 are really a projection. Reference [79] reported that the
projection introduces variations of less than +0.1 dB. The “one-third-area” rule defined
here and the normalized electric field distributions in Fig.3 and Fig.4 are then referred to
the TEM mode field uniformity versus the transverse plane position.

For the geometric structure chosen, the characteristic impedance is obtained as Zp =

49.3652, which is derived from

V2
 cloelE(z,y)PPdzdy

Zy (3.7)

where c is the velocity of light and ¢ is the dielectric constant (air assumed here). In
either Case 1 or Cese 2, the voltage V is always 1 Volt. The integral in the denominator
of (3.7) represents the electric field energy stored per-unit length in the
multiple-conductor system, which can be numerically determined. The total number of
the triangular elements involved in the calculations for the field and the impedance is
512, i.e. 16 uniform divisions on each side. The characteristic impedance obtained here
can only be taken as a reference for engineering design of the TTEM cell since the
calculation of Z is based on a uniform transmission line. More rigorous work concerning

the static analysis may resort to a 3-D analysis or other numerical methods as in [73].
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Figure 3.3: Case 1: Variation of the vertical electric field (E,) distribution in a Triple-
TEM cell. The figures on each curve indicate the normalized variations in dB to the value
of E, at the field center. (a = 1.0m,b = 1.0m,w = 0.5m,h = 0.875m,g = 0.1875m; field
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Figure 3.4: Case 2: Variation of the horizontal electric field (E;) distribution in a Triple-
TEM cell. The figures on each curve indicate the normalized variations in dB to the value
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3.3 HIGH FREQUENCY PERFORMANCE

The significance of investigating the behavior of the TE and TM modes is well known
to TEM cell users and designers. Since the TTEM cell has a tapered structure like the
GTEM cell, the analysis procedure described in [67] for the nonuniform transmission line
will be partially adopted here. This procedure is as follows: first, the cutoff frequencies
of the higher order modes in the uniform structure with the same geometric ratios are
determined; then, the “local mode concept” [67] is applied to obtain the distributions of
the higher order modes in the longitudinal (z-) direction. The uniform cross section analysis

carried out here is a numerical one which differs from the analytical approach used in [67].

3.3.1 The LDFEM Formulation For 2-D Structure

Consider a 2-D scattering problem in a domain that is bounded by a homogeneous Dirichlet
boundary. The assumed excitation could be a line source of E.-field for the TM modes or
H_,-field for the TE modes, which could be located anywhere in the bounded domain. For
this two-dimensional case, it is also assumed that the fields have no variations along the
z-coordinate (Fig.3.1). The problem formulation with the LDFEM will be the same for
‘either the TE mode case or the TM mode case. Thus, only the TM mode formulation is
presented here as a demonstration. Being different from conventional FEM formulations,
the LDFEM algorithm first starts in the time domain, and then solves the problem in the
Laplace domain, and finally provides the results in the frequency and/or time domain.

The following wave-equation is derived from Maxwell equations for the TM mode case:

8E O0E OE

B2 + -5'3;7 - G;.t—é't-i— =0 (38)

where

E = E,(z,9,1)d. (TM mode) . (3.9)

Applying a Laplace transform to (3.8) yields
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2 2 N
oE + B _ eps’E + eusE(07) + euE'(07) =0 (3.10)
dz®  Oy?
where £ is the E,-field in the Laplace domain with s being the Laplace parameter and
E'(07) representing the first derivative of E,(z,y,t) (t = 0~) with respect to time .
Since only the results in the frequency domain are of concern in this specific application,

the initial conditions for (3.10) are assumed as follows

E(07) = E(z,y5,07}) =0 (3.11)
E'(07) = E'(z,y,07)=0. (3.12)

Applying the finite element procedure to (3.10)-(3.12) and the associated boundary

conditions stated previously, we have the following functional

F(E)= jﬂ (VE)dedy + /ﬂ eus® E2dzdy (3.13)

where the problem domain ( is divided into triangular finite elements, and an implicit
inhomogeneous Dirichlet condition due to the excitation is assumed. If proper shape

functions are introduced in each element, we obtain the finite element equations as

{[C1+ ens’[DI}E) = (] (3.14)

in which both [C] and [D] are symmetric and positive definite, and | f] contains the forced

terms attributed to the time domain excitation.

Solving (3.14) is not straightforward because of the complex parameter s that is not
separable as an independent parameter in the final system of equations. One possible way
to solve (3.14) is to reduce both [C] and [D] simultaneously to canonical forms and then
all the unknowns except s can be decoupled. To fulfil this, the congruence transformation
[77) is introduced.

The final decoupled system of equations of (3.14) after the congruence transformation

can be written as
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{{C"] + eus*[I[E"] = [ (3.15)

where [C”] is a diagonal matrix that is made of the eigenvalues (A;, Az, ..., Anj n is the
total number of the unknowns) of the system to be studied and [I] is a unit matrix with

[E"] and [f"] being the counterparts of [E] and [f] in (3.14), respectively.

It is noted that the system of equations (3.15) has already been solved since all un-
knowns in [E"] are decoupled. The nodal solution for [E"] can be expressed, for instance,

as

By(e) = 22 (U)o g m) (3.16)

Aj + eps?

where r//(§) and r{/(j) are the forced terms after the transformation, and Ay is the
amplitude of a unit-pulse excitation. E‘;-’(s) can be inverted into the time domain via the

inverse Laplace transform

2

¢ "e s ] aj — Wy
E}(t) = Aory(j) [ — (Z=)cos(wjt)] (3.17)
j ;
where
Wi = -é\i- (3.18)
o) —1,2,.n0). (3.19)

4T e
Then, E;(t) (j = 1,2,...,n) can be traced back through the relationships developed in the
process of the congruence transformation (Section 2.3). Negative values of };

( =1,2,...,n) are not expected to appear for (3.18) since the finite element system is

positive definite.
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3.3.2 Double Defined Nodes (DDN)

It should be noted from (3.9) that the electric field E;(t) (j = 1,2,...,n) derived from
(3.17) stands for the z-component of the total electric field, i.e. E; in the TM mode case.
The development for the TE mode formulation will be the same only with a substitution
of E, for H,. However, the treatment of the boundary conditions in the TE and TM mode
formulations will be very different, especially for the problem domain bounded merely by
perfect conductors. In the TM mode case, the perfect conductor can be replaced with a
homogeneous Dirichlet boundary condition. This replacement can be easily achieved with
the FEM formulations. In the TE mode case, the perfect conductor must be replaced with
a homogeneous Neumann boundary condition. However, this is not straightforward for
the inner conductors, like conductors A and B in Fig.3.1. To avoid this difficulty, Das and
Sinha [71] made use of the symmetry of the problem to be solved with the FEM. Thus,
their formulation can not be extended to any generally asymmetric case like the TTEM
cell.

In this subsection, we introduce a special type of node — Double Defined Nodes (DDN),
which will overcome the inconvenience mentioned above. The DDN is based on the concept
that the field value at a node on the homogeneous Neumann boundary should be treated
as an unknown. Furthermore, the DDN is restricted to the TE mode analysis and can be
applied to the node which resides on the surface of a zero-thickness perfect conductor that
must be an inner conductor in the problem domain. In conventional FEM formulations,
the node on an inner perfect conductor with zero thickness is shared by the elements on
each side of the conductor. Thus, the field value at that node will be affected by the
field contributions coming from the two elements opposite to the conductor such that the
homogeneous Neumann boundary condition will not be satisfied. In order to separate the
influences from the two elements, the node joining the two elements has to be divided into
two while the nodes are still at the same position. Fig.3.5 shows the new arrangement of
the nodes and the elements connecting to the zero-thickness perfect conductor. In Fig.3.5,
nodes 2',3,4' and 5 are the replicas of nodes 2,3,4 and 5. Nodes 2,3',4’ and &' are
called “Double Defined Nodes” since they keep the original positions of their counterparts.
The zero-thickness conductor appears to have thickness due to this special arrangement

(Fig.3.5). Then, the orders of the nodes belonging to the related elements (el, €2, ..., el9)
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shall be rearranged while elements i1 and :2 are two imaginary ones that will not be

counted.

3.3.3 Numerical Results And Validations

The LDFEM formulation developed above has three prominent features. First, the eigen-
values determined in (3.15) already reveal the frequency domain information pertinent to
the system without solving for each of the nodal unknowns, say E;(t). Secondly, at each
node there exists an explicit expression for the unknown, like {3.16), and thus, the inversion
of the Laplace transform is easy to perform in either an analytical or a numerical way. It is
noted that the LDFEM algorithm provides solutions for both eigenvalue and deterministic
problems at the same time if proper excitation is used. Lastly, it is possible to obtain an
explicit time domain expression, like (3.17), for the physical quantity to be known at any
location in the problem domain even though the problem can not be solved analytically.

Concerning the present application, the LDFEM algorithm is utilized here for an eigen-
value problem formulation in most cases. However, we will compare the frequency domain
results derived from both eigenvalue and deterministic solutions later.

A symmetric TEM cell (Fig.3.6) is taken here as a test problem for this 2-D formulation
with the LDFEM. A group of typical geometric parameters of the TEM cell, for which the
cutoff frequencies of the first few higher order modes are reported in the literature [70] -
[72] [74], is given in Table 3.1. Table 3.1 aiso shows a comparison of the TE mode cutoff
frequencies derived from the present method (LDFEM) and other methods. The cutoff
frequencies for the TE modes are obtained directly from the eigenvalues (A1yAgy .0y Ag) in
(3.15) as

[ .
fom 2% (=L 2en) (3.20)

where f; refers to different higher order mode as j changes. Good agreement is found in
Table 3.1. The numerical results of LDFEM are obtained by using the above-proposed
DDN scheme. Thus, the whole problem domain is treated and a full set of cutoff
frequencies are yielded. No spurious modes are found in the numerical solutions even

though the conventional nodal elements instead of edge elements are used. The number
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of the elements involved in the calculations shown in the LDFEM (DDN) group (Table
3.1) is 336 and 14 by 12 nonuniform divisions are used. Only the homogeneous Neumann

boundary condition is involved for this TE mode analysis in the whole problem domain.

For the TM mode case, the same calculation is performed. However, in order to test the
LDFEM with hybrid boundary conditions, as Dirichlet/Neumann boundary conditions,
the symmetry of the problem [71] is taken into account for the TM mode analysis. Table 3.2
shows the numerical results obtained with different methods. Good agreement is also found
in Table 3.2. Only a quarter of the symmetric TEM cell is involved in the calculations
and the same number of elements as in the TE mode case is used. It should be noted
that four different groups of the boundary conditions have to be arranged to account for
TMoad0ady TModdevens TMevenodds 80d T Meyen cven modes [71]. Four more mode data that
can not be verified with the reported ones in the literature are given, for reference, in Table
3.2.

The above validations of the LDFEM algorithm are only for the eigenvalue problem
approach. We are also able to get the cutoff frequencies through a deterministic problem
approach. That is, we can solve the problem by placing a time domain excitation inside the
problem domain and then find the time domain response at any location inside the same
region with the LDFEM algorithm. Using the FFT, the cutoff frequencies can be obtained
for the same system. The column at the far right in Table 3.1 indicates the data derived
from the FFT, where the symmetry of the problem is introduced in the calculation, as in
[71). Fairly good agreement can be found when comparing with other data in the same
table. The data for the T Es; mode in the FFT group is missing because the output location
is not sensitive to that mode. The deviations found in the data of the FFT group may be
due to the following sources: i) the locations of the excitation point and the output point;
ii) the resolution of the FFT process; iii) the boundary conditions involved. Experience
shows that if the excitation point is chosen to be close to the Dirichlet boundary, good
results will be yielded. However, since the excitation is introduced as an inhomogeneous
Dirichlet boundary condition inside the problem domain, the eigenstructure of the system
would more or less deviate from the original one depending on the location of the excitation.
Anyhow, this deviation can be controlled within an acceptable range for most eigenmodes

as shown in T-ble 3.1.
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It should be noticed that the results of the FFT group are obtained at the same time
while the DDN results (Table 3.1) are yielded. This means that the LDFEM algorithm
solves the problem in both eigenvalue and deterministic approaches. Thus no reformulation
is needed. This is especially important when dealing with the following case: an EMP
wave impinges on an electromagnetic shield with apertures; using the LDFEM, the high
peaks of the wave surges due to the resonances inside the shield (which represent the
eigenmodes) can be detected, and the time domain behaviour of the pulse (which reflects
the deterministic process) is still traced. A computational example for this case has been

given in Section 2.5.

Table 3.1: The first few TE mode cutoff frequencies (MHz) in sequence

Tbe symmetric TEM cell: a = 3.05m, b = 3.65m, w = 2.03m
Mode || LDFEM (DDN) | [71] [ [72] | [75] | [70] | LDFEM (FFT)
TEqy 14.9 15.3 | 15.1 | 15.2 | 15.5 15.85
TE1o 24.6 24.6 | 24.6 | 246 | 24.6 95.02
| TE,; 31.0 31.2131.0 [ 31.31]31.9 31.70
TEq; 414 41.1 [ 411411411 44.21
TE;, 45.7 45.5 | 45.4 | 454 | 52.9 45.88
[ TE,, 48.6 478 |47.8 4781478 48.38
TEso 49.6 49.2 149.2 492 [49.2 53.39
TEos 54.5 54.2 | - - - 55.05
TE;3 61.6 62.1 | - - - 63.40
TE,; 65.7 64.1 | - . - 72.57
TEq, 73.8 732 - . - 74.24
TEso 75.5 738 - - - 75.07
 TEs, 77.7 769 - - - 76.74
TEa, 84.9 844 | - - - )
TE3s 87.7 872 - - - 87.59
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Figure 3.5: Double defined nodes on a perfect conductor for TE mode calculations (the
rectangular box ref:sents a zero-thickness perfect conductor.).

Zb
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Figure 3.6: A symmetric TEM cell as a test problem of the higher order modes.
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Table 3.2: The first few TM mode cutoff frequencies (MHz) in sequence

The symmetric TEM cell: a = 3.05m, b= 3.65m, w = 2.03m
Mode || LDFEM [71] [72] [75] [70}
TMyy 47.95 47.9 47.6 47.5 54.2
TM;, 48.07 47.8 47.8 47.8 47.8
T™q 64.19 64.3 - - -
TM3; 64.56 64.1 - -
TMa, 85.38 - . - -
TMa; | 84.76 - - - -
TMy 96.01 - - - -
TM, 97.26 - - - -

3.4 THE TRIPLE-TEM CELL

3.4.1 Higher Order Mode Cutoffs

The LDFEM algorithm that is established above and tested for the symmetric TEM cell
can be directly applied to the TTEM cell with only changes to the input data because of
the special geometry of the septums. The model dimensions chosen here are the same as
the ones used in Section 3.2 such that the 50 {} impedance match can be guaranteed.

Table 3.3 shows the cutoff frequencies of the first few higher order modes (TE and TM)
in a TTEM cell (Fig.3.1: @ =1.0m, b=1.0m, w = 0.5m, h = 0.875m, and g = 0.1875m).
In the calculation of TE modes, the DDN scheme is used and the number of elements is
512 (16 by 16 uniform divisions). The small numerical difference (Table 3.3) (less than
1.8%) between the cutoff frequencies of the two degenerate modes is caused by using non-
symmetric meshes according to the physical structure. All the numerical results indicated
in Table 3.3 are obtained using the eigenvalue problem approach described in the previous
subsection. We have also obtained similar results (not shown here) using the deterministic
problem approach.

It appears that the cutoff frequency of the first higher order mode in Table 3.3 is higher
than that of a standard symmetric TEM cell with comparable outer dimensions. This
may be due to the following reasons. First, theoretical calculations [70] of the first cutoff

frequency of an asymmetric TEM cell show that the first cutoff increases as a parabolic
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function instead of a linear function of the location coordinate when the septum (for
instance, septum A in Fig.1) is offset in the y-direction. Secondly, the two septums are
simultaneously offset with a quite large ratio (2h/b = 1.75) in our calculating model. Thus,
the offsetting effects on our numerical results would be doubly enhanced when compared
with the symmetric septum case. In fact, we have calculated the cutoff frequencies for an

asymmetric TEM cell and the program developed by us was proved to be working well.

Table 3.3: TE and TM modes cutoff frequencies (MHz) for a TTEM cell

The Triple TEM cell: a = 1.0m, b=1.0m, w =0.5m
h=0.875m, g = 0.1875m
TE Mode T™M Mode
136.27 242.52
138.79 381.21
203.64 388.89
216.17 484.72
220.75 545.28
324.23 555.00
324.52 606.04
344.73 640.66

Further results about the local higher order modes are reported in [80] and will be

included in the next subsection.

3.4.2 Local Modes And Longitudinal Behaviour

Up till now, we have calculated the cutoff frequencies in a cross-sectional area of the
TTEM cell. It is found that the cutoff frequency of each mode is inversely proportional
to the longitudinal coordinate (z-coordinate) because of the tapered structure [67). Then,
according to the “local mode concept” [67], the propagation properties of the local modes

can be expressed as:

B = ko1 - (el (3:21)

zf
where ko is the propagation constant of free space. Using (3.21), we can also determine

the position where a higher order mode enters into propagation (Fig.3.7 - Fig.3.10). The
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Figure 3.7: Normalized propagation constants of higher order TE modes in z-direction (f
= 250MHz).

calculating model is as follows: the length of the TTEM cell z.,q = 2.836m; the conical
angle @ = 20 degrees [64]; the geometric parameters that belongs to the far end section,

i.e., a,b,w,k,g, are the same as those given in Table 3.3.
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Figure 3.8: Normalized propagation constants of higher order TE modes in z-direction (f
= 400MHz).

35



1.0 p—r—————————

0.9 First mode 7
0.8 i
0.7 i
0.6 ]
0.5 ]
0.4 |
0.3 - i
0.2 | .
o1 | ]
0.0 | ‘ ‘ _ ‘ L

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z (m) f=250MHz

Beta/k0
I b i | []
'

Figure 3.9: Normalized propagation constants of higher order TM modes in z-direction ({
= 250MHz).

56



1.0 1 ! | ’ 1 | ' i ! [

09 First mode ”
08 | ZIIL Thrdmode
0.7 5
06 |
05 |
0.4 |
0.3 s
0.2 .
0.1 :

Beta/k0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z (m) f=400MHz

Figure 3.10: Normalized propagation constants of higher order TM modes in z-direction (f
= 400MHz).

87



3.5 COMPUTER-AIDED ENGINEERING DESIGN

The main factors of an engineering design of the Triple-TEM cell could be thought of as
follows: A. Electrical aspects : 1) impedance matching, 2) uniform field area, and 3) higher
order modes; B. Mechanical aspects. In this chapter, the computer-aided-design (CAD)
approach is confined to the Electrical aspects only. The proposed CAD approach is based
upon the.software developed for the three electrical design factors mentioned above. A

brief description of the software packages is given as below:
Software TTEM — A : Calculation of field distribution and characteristic impedance;
Software TTEM — B : Calculation of TE mode cutoff frequencies;
Software TTEM — C : Calculation of TM mode cutoff frequencies.

Using the above software packages, an optimum design of tiie TTEM cell can still be
achieved even though a synthesis software has not been developed yet. The initial input
data will be chosen based on the size of the EUT and the frequency range that would
be used for EMC testing. Generally, the EUT size should satisfy the “one-third-area”
requirement, and then the dimensions of the outer conductor can be estimated. Using
these as initial input data, the first round calculations with Software TTEM — A could
provide the value of the characteristic impedance corresponding to the initial structure.

Usually, several adjustments are needed to achieve the 50§ matching condition. Then,
the uniform field area will be checked up to meet both size and uniformity requirements.
Adjustments of the geometry of the septums are necessary in the above processes. Fi-
nally, the properties of the higher order modes will be obtained with the use of the
Software TTEM — B and Software TTEM — C.
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3.6 CONCLUSIONS

A numerical 2-D analysis is presented in this chapter for the 3-D structure of the Triple-
TEM cell. Basic static and dynamic characteristics of the TTEM cell are obtained by using
the conventional finite element method and a novel finite element method — LDFEM.

The “Double Defined Nodes™ (DDN) proposed in the present analysis provides efficient
way to deal with the inner conductors with zero-thickness in the problem domain for the
TE mode case. As a convention, the thickness of the septum in the TEM cell can be ignored
[66] - [73]. In fact, if the thickness of the septum is needed to be taken into account, the
DDN can still be extended to this case without difficulty.

The LDFEM can be used for either eigenvalue or deterministic problems and provides ei-
ther time domain or frequency domain results. In this chapter, the LDFEM is fully utilized
as an approach to an eigenvalue problem and only frequency domain results are yielded.
We have presented several time domain applications with the LDFEM in [77]. However,
one example of using time domain results to obtain frequency domain ones through the
solution to a deterministic problem is provided in Table 3.1 (the FFT group). In this case,
it is suggested that the unit-step pulse as the time domain excitation be applied since it has
a wide spectrum. With the Laplace transform, there is no difficulty to tackle the unit-step
pulse. Thus, we are able to obtain as many resonances, which are interpreted as cutoff
frequencies [77], as possible. Even though the LDFEM is not a time-stepping method, it is
necessary to have sufficient time domain results provided by many time divisions such that
good resolution is achieved with the use of the FFT if we use the LDFEM as a deterministic
approach.

On the other hand, the LDFEM itself yields frequency domain information such as
cutoff frequencies, without any time divisions or involvement of the FFT, as developed
in this chapter. Having implemented the analyses of the static and dynamic character-
istics, a reasonable physical structure of the TTEM cell could then be resolved. Further
experimental work is needed to construct a real TTEM cell based on the present computer

simulation.
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Chapter 4

TIME DOMAIN ANALYSIS OF
LOSSY VLSI INTERCONNECTS
WITH A TIME DEPENDENT
SKIN EFFECT MODEL

4.1 INTRODUCTION

© The skin effect phenomenon mainly concerned in the analysis of transmission lines has been
studied for many years. There are several skin effect models proposed in this technical area.
These models could be classified into two categories: frequency domain model and time
domain model.

The most popular model in the frequency domain is the representation of the square
root of the frequency, i.e. R(f) ~ +/f, which was introduced by Wigington and Nahman
[81] in 1957. Another variety of this form includes a more general model like A + By/s (s
is the Laplace parameter) [82], which could be used for a wider frequency range. There
are also some other frequency domain models that are represented by more complicated
relationships with the physical properties associated with the conductor under study (8] [83]
[120] [121]. Recently, a more comprehensive frequency domain model has been proposed
by Djordjevic and Sarkar [52], which was derived with a quasi-static approach. This model
can be applied to the case that the skin effect may not be pronounced even at frequencies

in the gigahertz region [52).
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Of the time domain models, Timotin introduced a transient line-resistance to the time
domain transmission line equations [84]. A successful application of this model to practical
EMC problems can be found in {85]. Their model is limited to the case in which a conductor
with round cross-section and a ground plane are involved. For a strip conductor with
rectangular cross-section, an implicit form of the time domain resistance accounting for
the skin effect was presented by one of the authors in [8].

To solve the skin effect problems, implicit and numerical methods have been adopted
[87] [88]. In [87], Graneau’s numerical method was used to tackle the resistive and inductive
skin effect in rectangular conductors in the mid-range of frequencies. A finite element
method (FEM) formulation was proposed for the situations where the skin depth is greater
than the thickness of the conductor [88].

In this chapter, we propose a new time domain skin effect model for a conductor with
rectangular cross-section and a ground plane. Based on some approximations, the skin
effect is taken into account separately in the rectangular conductor and the ground plane
by two different time domain resistances. It should be noted that here the term of time
domain resistance refers to the concept of impedance. It could be rather called time
domain impedance since it includes both resistive and inductive parts of a transmission
line. However, for historical reasons [84] [10], we prefer to call it time domain resistance
[10] or transient resistance [84]. Both strip and ground plane resistances are represented
with explicit expressions in the time domain to form a new skin effect model. It is easier
to accommodate this time domain model directly in the transient analysis of interconnects
used in VLSI systems than any other frequency domain models, where the Inverse Fast
Fourier Transform (IFFT) is an indispensable tool. Naturally, the contribution of the new
model to the time domain analysis of coupled lines takes into account the time/frequency
dependent losses and dispersion of the subjects under study.

Uniform and nonuniform coupled transmission lines are used to model the intercon-
nection lines in high speed digital circuit packages, integrated circuits, packaging and chip
modules. Both time domain and frequency domain techniques have been developed in
recent years for the analysis of such single or coupled line structures that are lossless or
lossy, or even dispersive with frequency. A good list of the references in this technical area
can be found in [9]. Two references have recently addressed a method of using numerical

convolution in conjunction with the method of characteristics (8] [10]. By making use of
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the modal analysis techniques, coupled uniform and nonuniform lines can be analyzed with
this method. Concerning the Method of Convolution-Characteristics (MCC) [10], it is no-
ticed that several restrictions are applied to this method. For example, the line structures
should be identical and only adjacent lines are taken into account {10]. In this chapter, a
modified MCC is proposed and the above restrictions are removed. Furthermore, the new
time domain skin effect model is employed in this modified method, for which any aliasing

problem associated with the IFFT will be eliminated.
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Figure 4.1: A rectangular conductor with the width much lager than the thickness.
4.2 TIME DOMAIN SKIN EFFECT MODEL

Considering a rectangular conductor (Fig.4.1, the ground plane in the figure is not
taken into account when Eqn.(4.1) is established.) whose width is much larger than the
thickness, the magnetic (H—) field inside the conductor can be approximated based on
the following assumptions: 1) the H—field is a function of the z—coordinate while it
is invariant in y—direction; 2) the H—field along the edges of the cross-section of the
conductor is constant. The H—field is then governed by the following equation in the

Laplace domain:

d*H(z,s)
dr?

and the associated boundary conditions

—ousH(z,s) =0 (4.1)

I;TI(:C,S) |x=a= fD(s) (4'2)

Hy(2,5) ls=—a= —fD(s) (4.3)
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o) = s 39 (0

where I(s) is the total current flowing through the conductor, and H(z, s) represents the
H—field in the Laplace domain. In Eqn.(4.4), w is the width of the conductor and 2a the
thickness of the same conductor. The two assumptions mentioned above imply that only

the skin effect is considered while the edge effect has been neglected. The solution to the

above equation is

H(z,s) = Hy(z,s) = #I;l((sﬂ)—;l—)-sinh(ﬁz) (4.5)
where
g= \/:7 (4.6)
and
Te = ﬂacazo (47)

In Eqn.(4.7), o, is the conductivity of the signal conductor. From Maxwell’s equations,

the electric field can be found as

B(3,5) loma= Eu(s) = %;f)ﬁ%cosh(ﬁa) (4.8)

It should be noted that Ba is independent of a with regard to Eqn.(4.6).

The voltage induced on the per unit length loop between the strip conductor and a

current return that consists of the same conductor can be expressed as

<
—~—
w
S
i

2E,(s) + sI(s) Lzt (4.9)
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where L., is the external inductance of the structure. The line impedance can be

expressed as

+ Sch-t. (4.10)

Substituting Eqn.(4.8) into the impedance, one obtains

Z(s) = ﬁi‘;ﬁ’;tﬁz)) + 5Lz (4.11)
It is noticed that the first term on the right hand side of Eqn.(4.11) bears a similar form
of the internal inductance {121] (differing by a dimension of frequency). However, in our
case the mathematical process is carried out in the Laplace domain, which would provide
great facility in converting results into the time domain without resorting to the IFFT.
By means of the inverse Laplace transform, the time domain resistance of the rectangular

conductor is defined as [84]

) = 12D g w12)

i.e.

ri(t) = L"[2rdcﬁ%@] (4.13)

where the dc resistance of the conductor per unit length is

1
T 2a0.w’

(4.14)

Tde

In fact, the inverse Laplace transform of Eqn.(4.13) can be performed analytically and
it is found as [89]

oy win2
ri(t) = 2rg [l + Y 2¢7 7% ). (4.15)

ne=1
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In regard to the time domain resistance established above, the return path is assumed
to be the same conductor as the signal conductor. However, 1t would be more practical if
we take into account the time domain resistance in a real ground plane composed of a larger
conductor with finite conductivity. Thus we return back to the configuration depicted in
Fig.4.1,

An indepth study of the ground plane resistance has been performed in the frequency
domain {120], where the configuration of a strip conductor above a ground plane was taken
as a research objective. Based on numerical calculations, an asymptotic expression which
reveals the relationship between the ground plane ac resistance and the strip conductor

resistance has been derived as [120]

R, = 0.55rdc%‘-’(1 — e~ TE) (4.16)

where § is the skin depth and & is the separation between the strip conductor and the
ground plane. Let us also consider another expression which is given as an ac resistance

approximation for a single strip conductor {122]

1 [
R,. = 4.17
0.0 2w+ 4a ( )

in which ! the length of the conductor. Combining (4.14) (4.17) with (4.16) and assuming
| = 1m for per unit length consideration, we may have the following expression for the

ground plane resistance

R, = 1.1R, (1 — e"Ta%R ). (4.18)

There are several points that should be mentioned considering the application of (4.18)
to our time domain resistance analysis. First, Eqn.(4.18) is derived from frequency domain
but it does not explicitly display the dependancy of frequency. This means that if R, is
given in the time domain, R, may also be revealed in the time domain through Eqn.(4.18).
Secondly, Eqn.(4.16) covers a wide range of the asymptotic behavior (from w/h = 0 to
w/h = 10) of the ground plane resistance, and the error displayed by Eqn.(4.16) due to
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the frequency dependency (from 1GHz to 10GH?) is very small for w/h up to 5 with a
fixed thickness (referring to Fig.12 in [120]). Thirdly, in practice most applications would
not require very large w to h ratio. This means that the strip conductor is relatively high
above the ground plane in a realistic consideration. Thus Eqn.(4.17) could be reasonably
applied to any case in which w/h is small, say w/h < 5, and so could Eqn.(4.18).

Based on the above justification, the resistance of the signal conductor and the resis-
tance of the ground conductor can, in principle, be superimposed {83] [84] [120]. The global
time domain resistance is expressed as r(t) = r.(t) + r4(t), where r(?) is half of r(¢) and

r,(t) is derived from Eqn.(4.18) in which R, should be replaced by re(t).
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4.3 MODAL ANALYSIS AND CONVOLUTION SO-
LUTION

The new skin effect model presented in the previous section can be applied to either
a single line or multiconductor systems. To the latter, the model is approximated by
ignoring the proximity effect caused by the adjacent lines. However, this model does take
into account the geometric structure in the skin effect model while this information is not
fully revealed in the traditional skin effect model, i.e. the square root of the frequency. In
fact, the geometric structure of the conductors affects not only the dc resistance but also
the decaying rate of the transient resistance in the early times when only the skin effect is
considered (referring to Eqns.(4.15) and (4.18)).

The method of characteristics has been extensively used in the analysis of VLSI in-
terconnects problems for years [9]. There is a way to directly adopt the time domain
resistance into the method of characteristics [8] [10]. To do so a numerical convolution
must be involved. The combination of the numerical convolution and the method of char-
acteristics has been called “the Method of Convolution-Characteristics” [10]. We can call
it the MCC for simplification. The MCC procedure proposed in [10] will be reformulated
and fit in with our analysis. A generalized MCC should be a versatile way that is able to
solve single/multiconductor, uniform/nonuniform and linear/nonlinear transmission line
problems in the time domain. In addition, time/frequency dependent parameters, such as
R, L, G, and C, can be well involved with the MCC.

For multiconductor systems, several modal analysis approaches have been attempted
5] - [7] to generalize the method of characteristics. In [10], Mao and Li adopted Romeo
and Santomauro’s approach [90] in their MCC for multiconductor transmission lines. Two
assumnptions have to be made for applying this approach [10]. The more crucial assumption
results in truncating or eliminating the contributions coming from the fourth and farther
away lines (see Fig.9 (c) in [91]) while this can be avoided by using another approach
proposed in [7]. In this chapter, the more general approach used in [7] will be employed to
decouple the multiconducior systems where the time/frequency dependent lossy properties

are still retained.
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4.3.1 Modal Analysis

The time domain analysis on m coupled lossy transmission lines can be carried out starting

from the following generalized propagation equations [92]

6[vé:t)] = —[Lezt(z)]a_[i%‘tz_ﬂl _ %/O‘Ir(z,t ~ )[i(z, 7)}dT (4.19)
ali(z,t)] _ (1) "
5, = lCGI=—F— [G(2)][v(z,1)] (4.20)

where [v(z,1)] and [é(z,1)] are m x 1 voltage and current vectors, [r(2,1)],. [Lext(2)], [G(2)]
and [C(z)] are m x m matrices per unit length, which characterize the transmission line
system. It is assumed that the voltage and current vectors are initially zero everywhere

on the lines. The boundary conditions of Eqns.(4.19} and (4.20) are given by

[v(z, )] = Fi([va(2)], [i(2, 1)), 2) (z2=10) (4.21)

[v(2,8)] = Fy(fvc(t)]: [i(2,1)), 1) (z=D) (4.22)

where [v,] and [vg] are two voltage vectors applied at the input (2 = 0) and output
{(z = D) of t' 2 network, respectively, and F; an< F;, represent two well behaved vector

functions that can be extended to any arbitrary terminations.

The coupled system of equations (4.19) (4.20) should be first decoupled to accommodate

the method of characteristics. Two transformed vectors ate defined as below [7]
[v(z,1)] = [T.(2)][vr(z,1)] (4.23)

[i(z,8)] = [T(2))lir(z, )] (4.24)
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where [T,(2)] and [Ti(z)] are m x m matrices, and {vr(z,t)] and [ir(z,1)] are transformed
voltage and current vectors, respectively. Substituting (4.23)-(4.24) into (4.19)-(4.20), the

decoupled system of equations are

Borles g (W PEZEN 8 ey inte, e 429)
Birle) = i (en 2B - (61 (a)urz,0) (4.20)

where
rr(e, )] = Rz, D) (a.27)
[Leotr(2)] = (o) LT (4.28)
(Gr(2)] = [T G (429)
(Crle)) = I CENLE) (4.30)

The subscript T denotes “transformed”. [T, (z)] and [T;(z)] are two special matrices that
have to be determined by ensuring that [L.g:.(2)] and [Cr(z)] are diagonalized. It can be
found that [T,(z)] and [Ti(2)] are the eigenvectors of [Lest,(2)][Cr(2)] 2nd [Cr(2)][Leztr(2)],
respectively. One would observe that neither [Lez(2)][Cr(2)} nor [Cr(z)][Leztr(2)) is, in
general, symmetric though {Lezir(z)] and [Cr(z)] are real and symmetric, respectively.
Thus, the eigenvalue solver should be chosen from the real-general type rather than the
real-symmetric type.

The boundary conditions (4.21) and (4.22) are also transformed using (4.23) and (4.24)
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[or(z,t)] = [L(2)] 7 AT e (O [Ti(2)]) 7 lir (2,80, ) - (2=0)  (4.31)

or(z,t)] = [T ()] B((Tu(2)] o (O [L(2)] 7 in(z:8)),2) - (2 =D).  (4.32)

Concerning a triple-line structure shown in Fig.4.2, we assume that no nonlinear circuit
elements are involved in the terminations at the moment. The terminal resistances at the
near and far ends, [R,] and [Rp)], have to be transformed according to (4.31) and (4.31)

and they take the form of the following transformation

[Rar] = [T (2)] 7[R [Ti(2)] (z=0) (4.33)

[Rr.] = [Tu(2)] 7 [RL][Ti(2)] (z=D). (4.34)

In principle, [R,,] and [Ry,] are expected to be diagonal matrices. However, this will not
be always true. Some conditions have to be imposed and they will be mentioned later in
the Discussion and Conclusions. In Fig.4.2, the transformed voltage sources [V,.] have, in

general, all non-zero elements even though there is only one source as designated

(Fig.4.2).

4.3.2 Convolution Solution

The convolution term in Eqn.(4.25) can be numerically realized. Tripathi and Orhanovic
have used a first order approximation to deal with a similar convolution term {8]. In our
case, a more convenient feature by using the new skin effect model is prominent. Sirce the
time domain resistance is explicit in expression, no IFFT is needed and the related error
can be avoided. As calculations showed that the first order approximation is good enough

to do the job, we present our formulation adopting the same order of approximation.
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Figure 4.2: A triple-line structure with terminations.
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2 [tratast = lin(z,ldr = (a2 100, (4.35)
where
Q(z,0)] = [rr(zt)fiz(2,0)] + )| scaCiludemt DAY - lir(z, (n — 1= 1)A] o
i=1

and £ = nAt (At is the time step that will be taken in the numerical analysis using the
method of characteristics.). Eqn.(4.25) has to be reformulated as

1] (1)) + e 00

- [Q(z,2)]. (4.37)
It is noticed that r(t) tends to infinity when ¢ is close to zero. Thus some approximation
approach [26] can be applied. For instance, the value of r.(z,1) at t = 0 for a single

transmission line may be given by

z N
i) 2 S BB - (BT e TS 4 racl2) (4.38)
where
re(2) = po.a*(2) (4.39)
1

rdc(z) = m. (4.40)

N is the number of terms after truncation from the infinity. The term [rr(z,0))At in
Eqn.(4.37) represents the transformed internal inductance and it causes a small amount
of phase shift in the time domain due to the time/frequency dependent properties which

have been taken info account.
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4.4 NUMERICAL FORMULATION

The hyperbolic system of partial differential equations of the first order (4.25) and (4.26)
together with the boundary conditions (4.31) and (4.31) can be solved with the method
of characteristics [9] [4] [6]. Replacing (4.25) with (4.37), a new MCC formulation called
Modified MCC (MMCC) is presented as below

[G7]

[p1]
Cr T (@757 love A’ + [Frlliz] lave A (4.41)

Alor] + prllir)) "= ~(lorkgy + @

Aor] = lprlfn]) 5™ = ~(orl ) = [QUEEY) e O + [Prli) e A (442

where

[vr] = [vr(2,1)), [ir] = [ir(z, )], (@] = [Q(z,1)] (4.43)
[L7]= [L7(2)] = [Leatr(z)] + [rr(z,0)]At (4.44)

[L7(2)]
[Gr) = [G(2)], [CT] =[Cr(2)], ler]=lpr(2)]= Cri2)] (4.45)

1 d[L7(z)]

Fr) = [Fr(&)] = 5 oS @ 0 )]

(4.46)

The subscript “ave” means taking the average value when ¢, <t < t,4,. Eqns.(4.41) and
(4.42) are the representations of forward and backward wave processes, respectively.
According. to the principle of the method of characteristics, the voltage and current at
any point 0 < z; < D at any time t > 0 are the contributions from both forward and

backward waves. Then we end up with
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ij1 sz ] [ UT(zh tns1) ] [ Ulj ] .
i ] ; =1,2..m
[%ﬂ% Seten) | LUi] U )

where

Wi = Wi, = 1 + Bj(z)
Wiy = p(z) — Di(z)
sz = —Pé"(zk) - D:jr(zk)

Ui = (1 — Bi(2k1))05(2k-1,ta) + (p1(2h-1) + Di(zkm1)) i (2k-1,1a) —
A%‘(zk)Q{(zkstn+1) - A%"(Zk—l)Q‘j(Zk—lstn)

Ui = (1 — Bj(2e41) )05 (201, tn) + (— Pl zg1) + D241 ))ifp(Zkt10tn) +
A}(zk)Q{(zk, fn+1) + A%(Zku)Qj(zkH, in)

and

: 1 . y
Q1(2ks tns1) = _'2""5‘(2&’ At')iz(zx, (n — 2)A1) +

Zﬁwmwm“"“ﬂmim%m44mn
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(4.47)

(4.48)
(4.49)
(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)



‘ = ] Iij(z,n_lAt’ —zJ z,n__l_zatf
Q’(z,,,t,,):%rg.(zh;At)T o JAt) 22‘(1:( YAL')

(j=1,2..m). (4.57)

From Eqns.(4.41) to (4.57), At has been changed to At’ due to the introduction of the

internal inductance term [rr(z,0)]At. The new time step is given by

At = f{, ? VL5 (2)Ci(z)dz /M7 (4.58)

and

tn = (ﬂ. — I)At!, t'n.+1 = nAt’

where M7 is the number of segments on the jth line. A?’ must be the same for all lines in
the system. The original voltage and current vectors on the lines can be traced back by
using Eqns.(4.23) and (4.24).
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4.5 SIMULATION RESULTS

Further implementation of the numerical formulation presented in the previous section
needs concerns about the terminations, i.e. the boundary conditions. Seeing from Eqns.(4.21)
and (4.22) or Eqns.(4.31) and (4.31), we would notice that there is no unified formula for
any arbitrary terminations. In other words, different terminations cause different treat-
ment of the numerical implementation that will be involved in the core analysis described
earlier. For an easy access to the method developed in this chapter, an example of the
numerical treatment of linear terminations is provided.

Displayed in Fig.4.2, the near end or sending end termination of line 1 is a conventional
type of voltage generator. Other terminations are linear resistive loads without additional
voltage generators. Due to the transformation made by (4.23) and (4.24), the transformed
voltage generators will be nonzero exhibiting at the sending ends of line 2 and 3. The
derivation of the terminal conditions will be related with the forward and backward wave
processes as shown in Eqn.(4.41) and (4.42). Further development may involve an evalua-
tion of U7 and Uj expressed by (4.51) and (4.52). Taking both Ui and U] as functions of

time and z—coordinate on each line, respectively, we would rather have

Ui? = U{(Zk_],?:k,tn,tn.i.]) (4.59)
Ug = Ug(Zk, Zk+1,tﬂ,tn+1). (4.60)

The voltage and current at the sending ends are obtained as
RiTUéi(O,z%tmth) - Wgz(o)vgr(tnﬂ)

'U:‘}‘(O, tn-i—l) = -;Tng(O) — Wﬁ’z(ﬂ) (J = 1,2,3) (461)

Ué? (0! 225 t‘l'h tﬂ+1) - ng (O)Uir(tﬂ+1)

W5,(0) — Wi (0)Ri, (7=1,2,3) (4.62)

i"}(ﬂ, tﬂ+1) =

where v]_(t) are transformed voltage sources according to (4.31) and R} (j =1,2,3) are

the elements of [R,,] given by (4.33).

The voltage and current at the receiving ends are obtained as

[



R‘}JTU{(ZM-"': Ds 128 tn-l-l)

'Uj (D,tn+ ) = - - -
T ' 1 Wi (D) + Wiy(D)

(j=1,2,3) (4.63)

Uij(zMJ" ) D1 tna tn+1)

(D, tgy) = — :
7(D:tasa) R, Wi (D) + Wi,(D)

(j =1,2,3) (4.64)

where vif(t) are transformed voltage sources according to (4.32) and R};T (7 =1,2,3) are
the elements of [Rz,| given by (4.34). Since the delay times on each line are, in general,
different, the integer numbers M7 (j = 1,2,3) will be different either. Suitable roundofl is
necessary. We would suggest that the number of segments M on the active line be first
set to be an integer. It is apparent that the numbers of segments on other lines without
active sources will be rounded off. We have observed that no major numerical errors

would attribute to this roundoff.

The triple-line structure (Fig.4.2) is taken as a testing problem and all necessary physi-
cal parameters are shown in the same figure. All three lines are assumed to be uniform and
only linear terminations are involved . The matrix elements of L.;; and € are calculated

using the software developed in [93]. They are obtained as

305.9 32.62 11.86

[Lest) = | 32.62 286.5 32.62 (nH/[m)
11.86 32.62 305.9
1039 —4475 -1.1

[C]=| —4475 1131 —4.475 (pF/m)
-1.1 —-4.475 103.9

and the resisti-ve loads are
50.0 0.0 0.0
[R]=| 0.0 750 0.0 Q)

0.0 0.0 50.0
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0.0 50.0 0.0
0.0 0.0 300

(62).

50.0 0.0 0.0
[RL] =

It is assumed here that the conductance matrix has no influence on the structure, i.e.
[G] = [0] (S/m). The time domain resistances of the structure are simulated using the

mode] proposed in Section II. The voltage generator on Line 1 is given below

- 100¢ t < 0.01 ns
1 1 0.01 ns <t < 0.05 ns
v {8 =4 1 - 100(t — 0.05) 0.05 ns < ¢ < 0.06 ns
0 t > 0.06 ns

where the unit for v}(t) is Volts.

Fig.4.3-4.6 show the simulation results against those from time/frequency independent
parameters. In Fig.4.3-4.6, all dot-dashed curves are computed with only dc resistances
and this is a special case of the method developed in this chapter; all dashed curves are

provided for the same structure but with lossless transmission lines by using the software

given in [94].
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Figure 4.3: Time domain response of port 1 with and without time/frequency dependent

losses. (—) represents time domain resistance case, (— « —) dc resistance case, (— ~ )

lossless case [94].
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Figure 4.4: Time domain response of port 6 with and without time/frequency dependent

losses. (—) represents time domain resistance case, (— - —) dc resistance case, (~ — —)

lossless case [94].
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Figure 4.5: Time domain response of port 2 with and without time/frequency dependent
losses. {(—) represents time domain resistance case, (— - =) dc resistance case, (— — —)

lossless case {94)].
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Figure 4.6: Time domain response of port 5 with and without time/frequency dependent
losses. (—) represents time domain resistance case, (~ - —) dc resistance case, (~ — —)
lossless case [94].
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Figure 4.7: Time domain response of port 3 with and without time/frequency dependent
losses. (—) represents time domain resistance case, (~ - —) dc resistance case, (- — ~)

lossless case [94).
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Figure 4.8: Time domain response of port 4 with and without time/frequency dependent
losses. (—) represents time domain resistance case, (— - —) dc resistance case, (- = =)

lossiess case [94].
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4.6 DISCUSSION AND CONCLUSIONS

The skin effect model explicit in the time domain is presented in this chapter. Compared
with the widely used skin effect models given in the frequency domain, we would benefit
from the avo'dance of the IFFT process. In addition, more reasonable physical parameters
are taken into account in this new skin effect model than the traditional model of the
square toot of the frequency. Hence, for nonuniform transmission lines this new model
will be expected to provide more accurate prediction of the time/frequency dependent
properties.

Like the frequency domain methods [81] [8], proper approximations have to be made
in order to yield a simple but efficient skin effect model in the time domain. It is noticed
that the skin effect models in the frequency domain are restricted to the frequency ranges
that are related to different rise times of the pulse [82] [83] [62]. Thus, a more complicated
skin effect model in the frequency domain, like the one in [52], is inspired such that a wider
frequency range could be covered. However, this complication can be evaded if the skin
effect model is established in the time domain. One may find, from the development of
the new skin effect model, that a major approximation is made by neglecting of the edge
effect us it was done in the widely used frequency domain model, i.e., the square root of the
frequency. Another approximation is the requirement that the width of the rectangular
conductor be much larger than the thickness. This may restrict the application of the
present modeling.

For more generalized skin effect model, numerical methods are often used. In the
time domain analysis, a commonly used technique is to utilize the Laplace transforms.
A potential study on transient diffusion and propagation problems by using the Laplace
Domain Finite Element Method (LDFEM) has been suggested [77]. The authors hope to
continue the work in the future and extend to a more general analysis of the interconnects.

As found in [§] [10], the MCC approach is a versatile and accurate tool to time domain
analysis of complicated interconnects terminated with any arbitrary loads. The Modified
MCC (MMCC) formulation introduced in this chapter has the followoing new features
compared with the MCC proposed in [10]: first, the physical contributions coming from
non-adjacent lines are taken into account; secondly, adjacent lines can be non-identical and

non-equally spaced; thirdly, the line resistances are given directly in the time domain with
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ground plane corrections and a new convolution treatment is provided.

As an introduction of the new skin effect model to the MMCC approach, a typical
triple-line network has been analyzed. Reasonable results have been found in consistence
with the responses derived from dc resistance and lossless cases, respectively. With regard
to [R,;] and [Rpr,], one should note that there is some condition related to the original
resistive terminations. In order to enhance the diagonal dominance of both [R,,] and Ry},
the diagonal elements of [R,] and [R.] should be symmetrically chosen. This condition can
be stated in detail, for instance, that R,, = R,, < R, for a 3 X 3 matrix. The same
condition applies to [Ry].

The new skin effect model and the MMCC formulation have been implemented on
workstations and 486PCs. Both numbers of the segments and time step samples are taken
within the order of hundreds. Fast and accurate calculations are just as expected. In
addition, since there is no limit on the rise time of the pulse, any higher switching speed
signal designed to pass the interconnects in the VLSI systems can be applicable with the

time domain skin effect model.
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Chapter 5

COMPUTER SIMULATION OF
PARTIAL INDUCTANCE OF
PACKAGE REFERENCE PLANES

5.1 INTRODUCTION

As revealed by Eqn.(4.44) in Section 4.4, an equivalent inductance of the VLSI intercon-

nects consists of both external and internal inductances:

Lequ = Lc:nt <+ Lint (51)

where

L,‘m = T(O)At. (52)

The internal inductance given above represents a part of the whole internal inductance of
the strip-like conductor and the ground plane. This part of inductance is intentionally
interpreted as the internal inductance because of its dimension and its position that
comes after the external inductance L..;. In fact, there exists another part of the internal
inductance which mainly attributes to the ground plane, but we would not rather call it

the internal inductance. A new term for this part of inductance is the partial inductance.
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Figure 5.1: A package reference plane.

As pointed out by C.R.Paul in {95], the internal inductance, given by Eqn.(5.2), for
instance, is frequency dependent, while the partial inductance is for practical purposes

frequency independent.

The concept of partial inductance [95] is adopted to describe any lumped inductances
originating from parasitic effects when currents flow between sources and sinks in the
package reference (power and ground) planes shown in Fig.5.1. The computer simulation
of lumped package parasitic models includes a major task, i.e. evaluation of the partial
inductance in the early design and ciiaracterization of the output drivers.

There is only few literature related with extraction of the partial inductance from
the parasitic effects in the reference planes [96] - [98]. A.C.Cangellaris et al described a
numerical approach to obtain the effective inductance of power/ground planes [96]. Other
references [97] [98] discussed the lumped effects due to the partial inductance.

Regarding to the complexity of the packages, which involves an arbitrary geometri-
cal arrangement of the reference planes and locations of the sources and sinks, numerical

solutions will be the only effective means to extract the parasitic models or the partial in-
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ductance. Among many commoniy used numerical approaches, the Finite Element Method
(FEM) is chosen as the major solution approach.

The extraction of the partial inductance in this chapter is based on the software de-
scribed in [99]. There are two stages in the extraction procedure. The first stage is to
calculate the electric scalar potential distribution in the specified plane, and then solve
for the current distribution and the total magnetic field energy. The second stage is to
obtain the self and mutual partial inductances. The FEM stage involved in the extraction
procedure is not quite different from the one addressed in {96]. However, a simpler method
is proposed for the second stage in this approach. With this method, the partial induc-
tance can be solved for the particularly interesting points in the plane and no complicated

inductance network [96] is involved.
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5.2 THEORY AND NUMERICAL APPROACH

5.2.1 Definition of Partial Inductance

A general definition of the inductance can be expressed as

oW,
L=2% (5.3)

where W,, is the magnetic field energy stored in the volume where the current I exists

[100]. The current J which produces the magnetic field is given by

I= f J.d§ (5.4)
3
where J is the current density vector in the cross section area s.

In regard to the partial inductance defined for the package reference planes, a similar

definition can be given as below

OW,,

L=—5

(6.5)
where the magnetic field energy Wi, is stored in the volume where the current I exists,

In this analysis, the partial inductance is defined as the inductance between any two
points in the reference planes, for instance, the ground plane. Usually, one of the two points
is a source and the other a sink. However, the partial inductance can be extended to any
two points that are not necessarily a source and a sink. For example, they may be the
ground points of the sending (driving) end and receiving (loading) end of a transmission
line, which represents a part of the interconnects in the VLSI circuitry.

The quantity of the partial inductance so defined can be used to determine how sig-
nificant the inductive resistance is between these two points. It gives the circuit designer
a quantitative idea of the design layout. In the analysis model, the reference planes are

treated as practical metallic plates that have finite conductivity and finite thickness. Thus,
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the current flowing through the plate causes magnetic field inside and outside the plate.
The partial inductance is somewhat related to the internal inductance. However, since it
is defined between any two points in the plate, the partial inductance does not, In gen-
eral, represent the whole internal inductance of a plate. As the general definition of the
inductance, we also have self and mutual partial inductances.

Based on the above discussion, the integral contour in (5.4) will be a closed surface
around one of the two points concerned. The magnetic field energy W, in (5.5) can be

obtained from [101]

mw=%ﬂvmﬁxm+£4vXﬁwu (5.6)

where A is the magnetic vector potential given by

E:Eg/iw (5.7)
in which we have

o : the magnetic permeability of the conducting plate;
v : the volume where the partial inductance is concerned;
R : the distance between the source and any observation point in the plate.

The relationship between the magnetic field and the current is known from Maxwell

equations

VxH=J (5.8)

where

J=—-oVd (5.9)

in which ® is the electric scalar potential.
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5.2.2 Numerical Solution

Tt is seen that the electric scalar potential @ is the only unknown to derive the partial induc-
tance given by (5.5). For a given structure as in Fig.5.1, the electric potential distribution
can be determined by the finite element method (FEM).

To model the structure shown in Fig.5.1 with the FEM, we assume that the current
would flow uniformly in the cross section area of the conducting plate. Thus, it is possible
to reduce the problem from three dimensions (3-D) to two dimensions (2-D).

The two-dimensional electric potential ®(z,y) distribution is governed by the following

Laplace equation

8*%(z,y) + 0*®(z,y)
Oz? Oy?

=0 (5.10)
and the associated boundary conditions related with sources and sinks.

Using the finite element procedure, the appropriate functional to be minimized for
(5.10) is

r@) = [(Z2EYy R4, (511)

dy
where the problem domain {0 is divided into finite elements. The finite elements can take

the shapes of triangle or rectangular for the two dimensional area, for instance.

By introducing the linear interpolation functions in each element and minimizing the

functional (5.11), we have the following final system of equations

[K1[®] = (/] (5.12)

where [K) is a symmetric matrix by virtue of the self-adjointness of the Laplacian
operator describing the potential distribution, and [f] contains the contributions from the
inhomogeneous Dirichlet boundary condition. This FEM procedure is the same as the
one described in Section 3.2, where a TEM mode analysis is curried out for a Triple-
TEM cell.
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Once the potential distribution is obtained, the magnetic field energy and the current

can be obtained through numerical integration [99]. Finally, the partial inductance is

derived from (5.5).
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. A

Figure 5.2: Simulation example for a package reference plane.

5.3 APPLICATIONS

According to the concept, the partial inductance only relates to two points/pins in the
reference plane. However, it can be extended to an inductance between several pins located
in the same plane Fig.5.2. Thus this partial inductance may be classified into two types:
self and mutual partial inductances, as shown in Fig.5.3.

In this section, we will take the configuration displayed in Fig.5.2 as an example of the
application. The procedures presented below may be used to deal with any other more

complicated configurations of the package reference plane.

5.3.1 Self and Mutual Partial Inductances

Fig.5.4 shows an equivalent lumped element circuit consisting of three pins (one source
and two sinks) in a reference plane. This circuit refers to the configuration depicted in

Fig.5.3. The total equivalent partial inductance is given by

2
LlOpLQOp — L1‘2p

L=
P Ligp+ Lagp ~ 2L19,

(5.13)

95



L20p

L1 2p

Sink Source

L1op
Sink

Figure 5.3: Self-/mutual-inductance related with sinks and sources.
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Figure 5.4: Lumped element equivalent circuit.
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where Lyo, and Ly, are the self partial inductances, and L2, the mutual partial

inductance. The mutual inductance can be derived as

Lipp = Lep £ \/sz ~ {Lep(Lrop + Laop) — LyopLaog). (5.14)

Since the mutual inductance is less than the total equivalent inductance, the above

formula can be written as

Ligp = Lep — \/ L2, — [Lep(Lrop + Laop) — Liop Loy (5.15)

where L.y, L1g, and Ly, are all numerically determined.

5.3.2 Numerical Results
Numerical Results of Self Partial Inductance

A value of Lyo, = 0.287 (nH/m) is obtained for the structure shown in Fig.5.3. To calculate
Lagp, the same data file for the mesh can be reused with a change of the location of the

sink. It is found that

Ly =0290 nH.

Numerical Results of Equivalent Partial Inductance

Following the same procedure for the self partial inductance, the total equivalent partial
inductance L., can also be numerically determined. To solve for L.,, one source and both
sinks have to be properly set. The results are displayed for the current, magnetic field

energy and inductance as:

it took: 22iterations!

the error residue is: 1.0618771129623D-15
statusis: 0

it used: 385storage locations for real

it used: 11storage locations for integer

and
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TOTAL CURRENT IS 509838.77316000
TOTAL ENERGY IS 19974.980732438
INDUCTANCE 1.5369178121807D-07.

Using Eqn.(5.13) the equivalent partial inductance is determined as

L., =0.154 =nH.

Calculation of the Mutual Partial Inductance —

Having calculated Ley, Liop and Lygp, the mutual partial inductance is easily obtained from
Eqn.(5.15) as

L12p = 0.01891 nH.

If more sources and sinks are involved, they can always be separated into pairs. For
each pair, the above-described procedures are used to obtain any self and mutual partial

inductances L, between the pair.

5.3.3 Partial Inductance Calculation for A PWB with A Slot

An interesting application of the partial inductance is the investigation of the "Gap In-
ductance” on a printed wire board (PWB), where a gap cut on the ground plane is per-
pendicular to a microstrip transmission line [98]. The gap-inductance associated with this
particular structure is one of the partial inductances involved [98]. To simplify the prob-
lem, only the gapped structure related to the extraction of the gap-inductance is shown in
Fig.5.5. The problem is to find out the partial inductance between the two points at the
cornners of the gap (Fig.5.5).

R.L.Hill et al has studied this structure using three different approaches (198]). First,
they used a coplanar strip transmission line to model the gap. However, the existing
closed form of the characteritic impedance is only for a pair of symmetrical coplanar strips
though the gapped structure is an asymmetric one. Thus, the inductance found from the
characteristic impedance L = Z—“‘—:’—‘ﬂ is assumed to be the upper bound for the partial

inductance associated with the gap in the return plane.
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Figure 5.5: A gapped ground plane foe PWB, where “a” and “b” are two points between
which the partial inductance will be determined.
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To verify the theoretically derived inductance, Hill et al used other two experimental
methods. With “Method 17, they measured the total inductances for two different PWB
boards, one without the gap and the other with the gap. They assumed that the substrac-
tion of the two inductances would yield the gap-inductance. With “Method 27, a capcitor
C is introduced to the gap, and then they measured the first resonance frequency of the
modified structure. The associated inductance is given by L = I:?ilfiﬁ' Both verifications
provided good agreement with the theoretical value.

In this chapter, the same structure is studied with the numerical extraction techniques
developed above. In the numerical procedures, integrals (Eqns.(5.6) (5.7)) have to be
petformed in the volume of the conductor. In particular, the integral routes can be chosen
around one of the points “a” and “b”. In principle, for the inductance calculation, one
of the points either “a” or “b” will be the source of current and the other one the sink
of current. Then, the integrating route should surrround either the source or the sink.
Table 5.1 shows the numerical results obtained from four different integrating routes, two
surrounding the source (Route 1, 2) and the other two surrounding the sink {Route 3,
4). Table 5.2 presents the comparison of the gap-inductances calculated with different
methods.

About 7.8 percent error is found between the theoretical one [98] and the present one.
There may be two major error sources. First, the numerical model is slightly asymmetric
in the geometries. However, according to Hill’s assumption, the asymmetric geometry
should yield lower value of the inductance. Another source is related with the numerical
calculations. In the numerical procedures, errors could be coming from mesh generation
(coarse or fine), interpolation function for the field, and numerical integral. Nevertheless,
our method has been testiffied against other methods 98], and acceptable results have

been found even though different integrating routes are taken.

Table 5.1: Numerical results for gap-inductance

[Present] || Route 1 | Route 2 | Route 3| Route 4 | Ave.
L,(nH) 19.6 20.4 19.1 18.5 194
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Table 5.2: Comparison between the several methods

[98] Theory | [98] Method 1 | [98] Method 2 | [Present]
L,(nH) 18.0 15.0 i6.0 19.4

54 CONCLUSIONS

A computer simulation software is developed for deriving the partial inductance of the
package reference planes. A systematic method to obtain and determine the self and mutual
partial inductances is described. The method is simpler than the previously published one
[96] since no inductance network is needed. The examples given in this chapter are limited
to simple cases but more complicated problems are expected to be solved in the same
fashion.

One application to the partial inductance extraction from a PWB board with a gap on
it is demonstrated. the numerical results have been tested against other published data.
Good agreement has been found. Therefore, it is proved that the numerical techniques

involved in this chapter are reliable.
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Chapter 6

TIME DOMAIN SIMULATION OF
VLSI INTERCONNECT
DISCONTINUITIES

6.1 INTRODUCTION

As clock frequency in high speed digital systems increases, the rise/fall time of drivers
has dropped to tens of picoseconds with corresponding bandwidth expanding to several
gigahertz for the interconnection systems. Interconnect junctions and discontinuities en-
countered in the high speed digital and microwave hybrid and monolithic circuits contribute
to signal reflections, time delay, waveform distortion and crosstalk problems which can de-
grade the circuit and system performance. The same problems also happen in printed
circuit boards (PCBs), single and maultichip modules, and other packages. The para-
sitic effects associated with the discontinuities described above have become an important
technical concern recently. It is essential that the electrical performance of interconnect
discontinuities be predicable by using computer simulation techniques. Furthermore, op-
timization of the discontinuity structures would be a next feasible objective without any
hardware trial and error.

Computer simulation process of interconnect discontinuities may be divided into two
stages: first, modeling and extracting equivalent circuits that represent the discontinuities
in a practical bandwidth; secondly, performing a suitable transient analysis with inclusion

of the parasitic models. Typical discontinuity structures like bends and vias have been
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Figure 6.1: Equivalent circuits for a microstrip bend: (a) a right-angled bend; (b) LCL
model; (c) CLC model; (d) RLCLR model.

studied by many authors [102] - [116] for years.

In the first stage of the simulation, either distributed or lumped element model can be
applied. Taking a bend for example, Fig.6.1 shows equivalent circuits for modeling a right-
angled bend. Basically, there are LCL [104] and CLC [106] models as shown in Fig.6.1
(b) (c) for the bend structures. However, other equivalent circuit models including I'-type
model [102] and hybrid models of distributed and lumped elements [105] [106] are still
used in practice. With regard to the via structures, lumped element circuits are adopted
to represent the vias through one or several layers of metallic planes (usually ground
planes) [108] [113). Equivalent circuits of vias resemble those of the bend structures shown
in Fig.6.1.

In the second stage of the simulation, commercial simulators like SPICE [105] [106]
may be resorted to. However, if the discontinuity is usd as an original physical model
2 the simulation, extraction procedure will not be necessary. A prevailing methodology
for examining the transient response of a signal passing through the discontinuities is the
adoption of the finite-difference time-domain (FDTD) method {107] {108] [114] [116], which

is able to perform a full wave analysis. Other method like mode matching techniques [115]
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is also applicable.

It may be noted that most existing methodologies involved in the first stage have not
taken into account the losses of discontinuities so far in the literature except for [116).
As signal rise time has dropped to tens of picoseconds, the time dependent losses in the
conductors that make up the interconnects and discontinuities are becoming an important
technical issue which needs special analysis [116] [117].

In this chapter, we adopt the LCL type of model to represent the discontinuities like
bends and vias. However, the LCL model is extended to an RLCLR model (Fig.6.1 (d))
which takes into account the time dependent losses in the discontinuities. Approximate
procedures are proposed to extract the lumped elements from a through hole via. The
RLCLR model is then applied to transient analysis of both bend and via structures. In
the transient analysis, the methodology described in the previous chapters and {117] will
be adopted. Thus, the time dependent losses given as the time domain skin effect model
is included in the transient process. Although the losses in the discontinuities are rather
small compared with the losses in the lines, we still include these losses in the equivalent
circuits as a general approach for any case where such losses are pronounced. For instance,
several such vias are related in series connection or the materials that make up the vias
are less conductive.

An important development in this chapter is the establishment of a mathematical in-
terface between the discrete time domain signal and the equivalent lumped element circuit
which represents the discontinuities. This mathematical interface represents explicitly the
physical relationship between the interconnecting lines and the discontinuity. Therefore, it
is possible to examine the transient response of the discontinuity in a simpler way without
resorting to more complicated 3D numerical techniques. In addition, this interface would
provide a potential to be used as a tool for sensitivity analysis and optimazation of the
discontinuity structures. Without losing generality, all initial conditions are assumed to be

Zero.
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6.2 LUMPED ELEMENT MODELS OF DISCON-
TINUITIES

Typical interconnect discontinuities such as bends and vias have long been treated with
equivalent lumped element circuits for years. This technical treatment gives circuit de-
signers great flexibility of using other simulators like SPICE. Providing a general approach
to extract the lumped parameters from a wide range of discontinuity structures is out of
the scope of this chapter. Review of the existing literature reveals that there have been
already many techmical papers concentrating on the extraction for bend structures while
only very few for the via structures. Therefore, this section will be devoted to the extrac-
tion procedure for one of the most typical interconnect discontinuities, i.e., a through hole
via.

A typical through hole via can be approximated by a cylindrical conductor. With this
approximation, the lumped element circuit equivalent to a through hole via could be built
up by an RLCLR model shown in Fig.6.1 (d). There are two steps to determine the equiv-
alent inductance Le, resistance Re and capacitance Ce. First, an implicit time domain
skin effect model [86] [118] suitable for a cylindrical conductor is used to obtain the equiv-
alent inductance and resistance whose time dependent properties have been accounted for;
Secondly, a simple but effective extraction procedure is applied to find out the equivalent

capacitance.

6.2.1 Equivalent Inductance and Resistance

Consider a through hole via shown in Fig.6 2, where the via is represented by a solid round
conductor. A skin effect model derived for the cylindrical type of conductors is provided
in [86] [118]. The model is established based on the theory that the time dependent skin

effect can be represented by an infinite number of parallel lumped parameters defined by
1 2 2,2 6.1
Re, = Z"'dcl’n(l +m’zi) (6.1)

Len = — Rex (6.2)
mﬂ
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Figure 6.2: Equivalent inductance and resistance for a through hole via: (a) geometry of the
via discontinuity; {b) partial equivalent circuit; (c) a full representation of the equivalent
circuit.
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where ry. is the dc resistance of the cylinder; 7 = pord is the time constant characterizing
the transient skin effect; m = Lezt/ L. is the ratio between the external and internal (dc)

inductances; and z, are the roots of the following transcendental equation

Jo(zs) — mJi{zn) = 0. (6.3)

It is noted that n, the number of element Re or Le, does not have to be very large
since the lumped elements make a fast convergence. Practically, n = 5 is large enough
to represent the time domain skin effect that happens in the cylindrical conductor [118].
However, a lumped element circuit shown in Fig.6.2 (b) with n = 5is still inconvenient to be
incorporated into the discontinuity analysis. A lumped element circuit with n = 5 needs to
be further approximated to an equivalent circuit shown in Fig.6.2 (c), where the capacitance
will be extracted through the procedure given in the next subsection. Numerical calculation
shows that it is possible to make this approximation by only comparing between the total
impedances calculated from a lumped element circuit with n = 5 (Fig.6.2 (b)) and from a
simplified equivalent circuit. This simplified circuit, called one-element circuit, consists of
one resistance in series connection with one inductance, whose values are determined by
the following definitions of the impedances. The impedances for a 5-element circuit and a

l-element circuit are defined as Ze(s_etmy(f) and Ze(1~etmt)(f)- respectively.

Zep-cimi)(f) = aRers + jwBley  (w=2rf) (6.4)
Zesoamif) = Zer()]1Zea(F)] 1 Zes( )] [Zes(5)] | Zes( ) (6.5)
Reys = Rey//Rea [ Res] [ Rea/ [ Res (6.6)

Zedf) = Rei + jwle; (6=1,2,..,n; n=5) (6.7)
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where Re; and Le; are determined by Eqn.(6.1) - (6.3) with symbol ”//” representing
parallel connection of the resistances and impedances. « and 8 in Eqn.(6.4) are the

adjusting factors that make the two representations of lumped element circuit agree well.

Fig.6.3 displays the equivalence of the real and imaginary parts of the total impedances
from 5- and 1-element circuits for a given via structure (ro = 0.lmm, A = 0.32mm, o =
5.6 x 10°S/m). One may notice that the resistance in the lower frequency range is replaced
by a constant resistance while at the higher frequencies (f > 100M Hz) both resistances
agree very well (Fig.6.3 (a)). In regard to the imaginary parts, the single element circuit
provides excellent agreement with the five element circuit (Fig.6.3 (b)). Table 6.1 demon-

strates the equivalent circuit parameters for the same via structure calculated above,

Table 6.1: The equivalent circuit parameters

Root No. || z. Re,(£2) Le,(H)
n=1 | 0.561]0.67x10"%] 1.5x107"°
n=2 4,126 0.15538 6.423 x 107°
n=3 | 7.305| 1.52178 [2.007x107°
n=4 10.46 6.39465 4.112 % 1678
n=> 13.61 18.3165 6.958 x 10~%
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Figure 6.4: A structure for extraction of the equivalent capacitance.

6.2.2 Equivalent Capacitance

An exact extraction of the capacitance between the through hole via and the ground plane
may involve extensive mathematical manipulations. We would think of some approximate
modeling procedure through which the capacitance can be extracted with a simple but
effective method.

First, consider a structure shown in Fig. 6.4 where the substrate is not included. To
obtain the capacitance between the through hole via and the ground plane, a dc voltage
source is imposed on both conductors. A partial capacitance for the upper part of the

structure could be given by

q=% (6.8)
where
hy Vo
b 2 d _ '
¢ / e F S —r) Tlr=h/z (6.9)

(6.10)

After performing the integration, we obtain

Cy = Zlin(a(rs — ro) + m(hy = r))00 4 why £ In(2(rs = o) 7y = 7))
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—In(2(ry — 1o)X — mry — In(2(ry — 10))"] (6.11)

Then, the equivalent capacitance may be defined as

Oe = 2C, + 6C (6.12)

where §C is a small amount of the partial capacitance between the via and the ground

conductor within the thickness of the ground plane.

The approximate procedure described above assumes that the contribution from the
substrate to the equivalent capacitance is ignored. However, this problem could be allevi-
ated by introducing an empirical factor that compensates the substrate effect. Otherwise,

more complicated mathematical process should be invoked.
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6.3 MATHEMATICAL INTERFACE

It should be noted that above extraction procedure has accounted for the time dependent
ckin effect in the through hole via. Likewise, the transmission lines which are connected
to the via should be considered as lossy interconnects with time dependent properties.
An approach called Modified Method of Convolution-Characteristics (MMCC) has been
proposed in [117], where a time domain skin effect model is incorporated into the transient
analysis of VLSI interconnects.

In many cases, examination of the transient signal process through an interconnect via
is performed with 3D finite difference time-domain (FDTD) methods. Optimization of the
via structure with the FDTD approach would involve many numerical adjustments, which
is not easy to be generalized to other structures. However, the method proposed in [117]
provides a semi-analytical approach in which voltage and current vectors at any location
of the multiconductor system can be explicitly expressed. This offers a better perspective
to sensitivity analysis and optimization of the VLSI interconnect circuits.

In this section, a mathematical interface will be built up between the discrete time do-
main voltage and current cutputs from a transmission line and the lumped element circuit
representing the discontinuities. The voltage and current outputs from the interconnecting
lines are obtained through the approach described in (117}, whose solutions are analyti-
cally expressible in each time interval. This means that there is a direct mathematical
link between these outputs and the equivalent circuit at every time step. However, to cap-
ture a whole transient response from an interconnect discontinuity, special mathematical
techniques like time domain convolutions may be involved. The mathematical interface
should represent a continuous physical relationship between the signals passing through
the discontinuities via interconnecting transmission lines.

Specifically speaking, such a mathematical interface consists of two parts. First, the
lumped element circuit is used as a terminal load to the interconnecting lines, where the
incoming signal represented by its voltage and current to the discontinuity should preserve
its time signature as it were terminated by a real discontinuity plus the transmission line
connecting to the other side of the discontinuity. Secondly, the lumped element circuit with
the incoming signal may act as a signal generator to the other side transmission line, where

the time signature of the incoming signal is reasonably altered as it were going through a
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real discontinuity structure. In addition, the lnmped element circuit which represents the
discontinuity is served as a two-port network, to which exsiting circuit analysis techniques
can be directly applied. The two parts of the mathematical interface are: 1) lumped

element circuit as a terminal load; 2) lumped element circuit as a signal generator.

6.3.1 Lumped Element Circuit As A Terminal Load

As discussed in the first section, typical interconnect discontinuities such as bends and vias
can be modeled using LCL or RLCLR circuit. Full approximate procedures concerning the
extraction of the lumped parameters Le, Ce and Re for a through hole via is presented in
the previous section. Basically, either a bend or a via may be represented by an RLCLR
circuit. Thus, in this section we start with a general RLCLR model without distinction
between the physical structures of the discontinuity. In other words, if the RLCLR circuit
can model other discontinuities than bend or via, the mathematical interface provided here
can also be applied.

Fig.6.5 shows an RLCLR circuit used as a terminal load to the interconnecting line.
v5(t) and i5(t) in Fig.6.5 represent the discrete time domain voltage and current outputs
from the transient analysis using the MMCC method [117], and Z, is the characteristic
impedance of the interconnecting lines. It is essential to find out the relationship between
the discrete outputs and the lumped element circuit (here, we avoid using SPICE simulator

since we need to have explicit time domain expressions). It may start {from the following

relations:
ia(t) = ia(t) + ia(?) (6.13)
uy(t) = Ledi;ff) + i5(t) Re + ua(t) (6.14)
ua(t) = —é—;]ﬂt a(t)dt (6.15)
or
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Figure 6.5: An RLCLR circuit modeling 2 discontinuity to terminate an interconnecting
line.

dia(t)
dt

From Eqns. (6.13) {6.15) (6.16), we have

u3(t) = Le + Z4(t)(Zo + Re). (6.16)

g—e /Oi(iz(t) — ia(t))dt = Led“:?) +ig(t)(Zo + Re). (6.17)

Using the first order approximations for the derivative and integral, Eqn.(6.17) becomes

-é—[zn: io (KAL) AL — i4(nAL)AL — E (kA AL) = i—j{h(nﬁ)t) — i4{(n — 1)At)] — i4(nAt)(Zo + Re)
€ k=1 k=1

where 1 = nAt.
Then
__1 . n-1 .
; - — _ _s L AF
t4(nAt) Zl(At)Cezg(nAt)At + Z(ACe E:l[ to(kAR) + 14(kAL) AL
Le
e 3, -1 .
Zl(At)At“((n 1)At) (6.18)

where
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Zi(At) = Zo+ Re— = — - (6.19)

The same treatment can be applied to u2(t) (Eqn.(6.14)), and it yields

us(nAt) = Zo(At)ig(nA) + ua((n = 1)At) (6.20)

where
Z(At) = Re + 5= - %%g% (6.21)
Zo(At) = Zo+ Ret 5o (6.22)

us((n = DAL = ~2ig((n — DAL = Fol1+ %%}u((n ~1)A1)
+EIZ(2£—?;()5E :Z;:I[—ig(kAt) +ig(kA)AL (6.23)
and
ii((n — 1)At) = —"2((;1&2)%2&* + 57 Al e :E;:j[-—-ig(ké.t) +ia(kADJAL

—'zl(i—:)aii‘((” — 2)At). (6.24)

Eqn.(6.20) represents the relationship between the voltage and current at the disconti-
nuity, while the discontinuity has been replaced by the RLCLR circuit. This relationship
can be further implemented into the analysis of the interconnecting lines as described in
[117].
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6.3.2 Lumped Element Circuit As A Signal Generator

Through the discontinuity, the transmitted signal could be thought of as a new signal source
to the interconnecting lines immediately connected to the discontinuity. However, since
the signal has been numerically discretized in the time domain, the new signal generator
has to be a combination of the transmitted voltage/current and the RLCLR circuit. To
construct such an equivalent representation, the concept of the Thevenin equivalent circuit
will be adopted here.

According to the Thevenin equivalent, a complicated signal source can be replaced by
an open circuit voltage u,. and an equivalent internal resistance R.,. Fig.6.6 illustrates
the circuits of the signal source for the extraction of u,. and R,,. It is noted that the
equivalent internal resistance is obtained from the ratio of open circuit voltage u,. to short

circuit current i,. U, and i, have to be solved separately.
A. Open Circuit Voltage:
From Fig.6.6 (a), we have

Upe(1) = ua(t) — toc{t) — Le‘-i-z%t(i). (6.25)

To find out i,.(t) in the above equation, we would start from the Laplace domain.

) _ Uoe(S)
foc(8) = Retslet L (6.26)
or
toc(S) = Uoc(8)Ga(8) (6.27)
where
Gals) = = ——3C (6.28)
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Figure 6.6: The transmitted signal and the RLCLR circuit to form a new signal source:
(a) open circuit voltage; (b) short circuit current — case 1; (¢) short circuit current —

case 2.
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8y and sg are the two roots, which are found from the denominator of Eqn.(6.26):

si=p+qj, s2=p~—4qJ. (6.29)

Then, after the inverse Laplace transform, we obtain a convolution form of the open

circult current:

inlt) = [  ua(r)Galt = 7)dr (6.30)
where
Galt) = (L Lol o (6.31)

We notice that in Eqn.(6.25)

t d
- jﬂ ua(r) 3 Galt = 7)dr + ua()Ga(Oloy01= (6.32)
where
iG(t)—L[z t 2 — g%)sin(gt)]e” 6.33
7020 =13 pgcos(gt) + (p* — ¢")sin(gt)le”. (6.33)
Then
Upe(t) = "gL% j: ua(7)[geos(g(t — 7)) + psin(q(t — 7)))eP"dr

118



—% jot ua(7)[2pgeos(q(t — 7)) + (° — ¢*)sin(q(t — 7))]e"dr. (6.34)

Using the approximate treatment to the integral, we finally have the following clesed

form expression for the open circuit voltage at each time interval At:

Uoe(nAL) = —%— uy(kAL)[geos(g(n — k)At) + psin(q(n — k)At)|ePn -8t Ay
k=1

—-1q— zn: ua(kAL)[2pgeos(g(n — k)AL) + (p* — ¢°)sin(g(n — k)AL RBAL (6.35)
k=1

B. Short Circuit Current:

In order to find out the short circuit current for the equivalent internal resistance, it
would be better tc start from the Laplace domain as shown in Fig.6.6 (b), where we have
two different original sources u(s) and i5(s). The contributions from the two sources will
be considered separately. In the following derivations, is.1(s) and i,ca (8) represent the short
circuit currents originating from u(s) and i,(s), respectively.

Using the mesh analysis techniques, we have
(5)(sDe+ Ret —=) i (s) o) = wals) (6.36)
tuls Ce 151 e = uUg(s .

. -1 : 1 .
zu(s)(;a;) + t5a1(s)(sLe + Re + ﬁ) = 0. (6.37)

Solving the above system of equations, it yields

iaer(s) = tals)
sc Lezce[sa + 2_1%532 + 2L1;ERC¢";C:S + L?:Réc]

(6.38)

or
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i,cl(S) = z]?UQ(S)Gl(S) (6.39)

where

1
(s — 81 )(s — s2)(s — s3)

Gl (3) = (6.40)

and s; (i = 1,2,3) are the three roots of the denominator of i,u(s) (Eqn.(6.38)). The

inverse transform of i, (s) will provide time domain solution of the short circuit current:

1 t
: = - - 41
i (t) = L ua(r)Ga(t — 7)dr (6.41)
where
ealt esgt e.!gt
Gi(t) = + + . 6.42
) (51— s2)(s1 = 83) ~ (s2—s1)(s2—83) (53— s1)(s3 — 52) (642)
Numerical implementation of the above convoluticn yields
1, (nAL) = ﬁ > up(kAL)Gh{(n — k) At)AL. (6.43)
k=1

Considering another part of the short circuit current (Fig.6.6 (c)), we will have similar

derivation procedure.

i1a(s)(sLe + Re) = z',:(s)slE (6.44)

1:2(5) = ic(S) + i,cg(S). (645)

From the above system of equations i,.2(s) is solved as
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iaa(s) = L:Ceig(s)Gg(s) (6.46)

where

1

Cals) = e =)

(6.47)

and s, = p -+ g7 and s; = p — ¢J, and they are the roots of the following equation:

LeCes* + ReCes+1=0.

The inverse transform of i,.2(s) gives

. i t
1se2(t) = TCe bo 12(7)G3(t — T)dT (6.48)
where
1. :
Gi(t) = Esm(qi)e” . (6.49)

Using the same numerical procedure as we applied to ¢,.1(rAt), we obtain

1 n
a2 (RAL) = ———~ 3 ] -k Pln—klAL Ay .
Zac2(nAL) TeCo k;l io(kAl)sin(q(n — k)At)e A (6.50)

The total short circuit current will be the sum of the two currents derived above:

tae(t) = 15e1 (1) + tae2ft) (6.51)

and the equivalent internal resistance will be determined by Eqns.(6.35) and (6.51) as

(6.52)



6.4 APPLICATIONS TO VIA AND BEND STRUC-
TURES IN VLSI INTERCONNECTS

The mathematical interface built up in the previous section is a general technique to treat
the physical relationship between the discrete time domain signals and the lumped element
circuits. In principle, this approach is not limited to bend and via structures which can
be modeled by LCL or RLCLR equivalent circuits. Any other combinations of the lumped
equivalent circuits, such as CLC circuit (Fig.6.1 (b)), I-type model {102], and hybrid
models of distributed and lumped elements [105] [106), can also be dealt with the same
technique. The advantage of this technique is that it explicitly expresses the transient
behavior of the signa) passing through the discontinuities, which is not feasible by using
FDTD approach or commercial simulators.

In this section, an indirect verification of the proposed mathematical interface is pro-
vided before the applications to discontinuity problems. The principle of this verification
is that if the values of the lumped parameters {Le, Ce and Re) in the RLCLR circuit
decreases. the waveform distortion of the signal passing through the circuit will become
less. In other words, the signal pulse shape should be convergent to the original form as if
there were no such RLCLR circuit introduced when the lumped parameters vanish.

The previous sections have provided the extraction procedures and interface techniques
for discontinuity problems. After the verification, applications to ealistic via and bend

structures will be presented.

6.4.1 An Indirect Verification

The mathematical interface presented in the previous section is not limited to a single
transmission line structure. It could be adopted in the modal analysis of multiconduc-
tor systems (with muti-discontinuities [104}). However, a single transmission line is the
best structure to test the mathematical interface proposed in this chapter since we could
easily avoid other error factors introduced by coupliﬁg effects. Up till now, there is no
report on the waveform distortion of a trapezoidal pulse passing through an interconnect
discontinuity in a single transmission line structure. There are two ways to implement the

verification: numerical testing and experiment. For the former, it is naturally related and
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Figure 6.7: Transmission line system for numerical testing of the mathematical interface.

straightforward. However, for the latter, it rather depends on the facilities because there
is a requirement for sensing the subtlety of the signal weveform. In this chapter, only
numerical testing of the interface is provided.

Fig.6.7 displays a transmission line system for the numerical testing, where an RLCLR
circuit is inserted in the middle of the line. It is evident that the inserted circuit will
introduce distortion to the original signal. However, if the values of the parameters of the
circuit are decreased towards zero, the distortion will become smaller or vanish.

Fig.6.8 and Fig.6.9 show the time domain responses at the sending end and receiving
end of one uniform transmission line, respectively. The time dependent losses of the signal
and ground conductors have been taken into account using the method proposed in [117].
Comparison with dc losses and lossless cases ([94]) is also illustrated. Both figures are
related with a system (R, = 509, Ry = 500, L = 305.9nH/m, C = 103.9pF/m, D, =
0.01m) where no discontinuity is introduced. The transmission line in the system is a
microstrip line with physical parameters being: the width of the strip w = 0.2, the
thickness of the strip ¢ = 1.0um, the thickness of the substrate h = 0.1mm, the relative
dielectric constant ¢, = 4.0, and the conductivity of the signal and ground conductors
o = 5.6 x 1075/m. The rise time and fall time of the trapezoidal pulse are the same, i.e.,
0.01ns,
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Figure 6.8: Time domain response at the sending end of a uniform transmission line without
presence of the discontinuity.

Fig.6.10 and Fig.6.15 display the open circuit voltage Uoe(t) and the equivalent internal
resistance R,(t) at location B — B' in Fig.6.7. The transmission line system is the same
as the one reported for Fig.6.8 and Fig.6.9.

One would observe that being shown in Fig.6.10 and Fig.6.15, as the circuit parameters
deceases, the waveform of the open circuit voltage approaches the undistorted shape shown
in Fig.6.9. This provides us an indirect verification of the present analysis. However, small
ripples are observed on the trapezoidal pulse. This is due to the resonant frequency of the
RLCLR circuit. Since the pulse contains frequency components up to tens of gigahertz, it
is possible to excite proper resonance which exerts its influence on the pulse. In addition,
the decaying rates of the ripples are rather small because of the low attenuation property

of the RLCLR circuit.

124



0-7 1 ¥ 1 ' T T 3 T

0.6 L m———  R=R(1) (Present) -
------- R=Rde (Present)
......... R=0 (ADjordjevic etal )
05+ i
g 04 | ]
3]
g 03f |
'S
> 02 )
01} i
0.0 i

0.00 002 004 0.06 008 010 012 014 016 018
Time (ns)

Figure 6.9: Time domain response at the receiving end of a uniform transmission line
without presence of the discontinuity.

6.4.2 Application to A Through Hole Via

Consider a through hole via with the geometrical structure shown in Fig.6.2 (a), where the

physical parameters are: ky = 0.15mm, t = 0.0lmm, ro = 0.lmm, 7, = 0.12mm, ¢ =

4.0, o = 5.6 x 107S/m. Its RLCLR lumped element representation is shown in Fig.6.2 (c)

with lumped parameters being Re = aReis/2|ass.r = 3.8175x107*Q, Le = flLe /2]5=0.523 =
0.039nH, Ce = 0.015pF. These parameters are extracted using the procedures described

earlier. A full circuit representation of the via-interconnecting lines is illustrated in Fig.6.16.

The total length of the transmission line is 2 x D, = 0.02m, and the via is located at the

middle D, = 0.01m.

It would be interesting to look at the pulse arriving at the via location (Fig.6.17). The
long dashed line represents the starting pulse in an “jdeal” condition (no via is introduced).
The short dashed line stands for the waveform reflected by the via at D, = 0.0lm, while
the solid line is the transmitted pulse at the via location (D, = 0.01m). As depicted in
Fig.6.16, the other side of the transmission line is terminated by a linear resistive load

(R = 509).
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Figure 6.10: Equivalent open circuit voltage.
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Figure 6.11: Equivalent open circuit voltage.
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Figure 6.16: Circuit structure: (a) via-interconnecting lines circuit; (b) interconnecting
line profile.

Fig.6.18 shows a comparison between the waveforms with and without the through hole
via at the receiving end (2 x D, = 0.02m). It is noted that for the same termination load,
the amplitude of the pulse transmitted through the via is lower than that of the pulse
without the via. The cause of the small ripple has been stated earlier. One would also
notice the skewed shape of the waveform at the receiving end. This is due to the time

dependent losses which has been accounted for in the analysis [117).

6.4.3 Application to Bend Structures

If the bend structure is modeled using the LCL circuit as used in [104], the waveform
distortion will be qualitatively the same as the one simulated in the via case. The only
difference is the values of the circuit parameters.

Consider the same transmission line system as we studied for the through hole via.
The via is replaced by a right-angled bend with w; = w; = 0.2mm in Fig.6.1 (a). The
equivalent inductance and capacitance for the right-angled bend may be extracted by the
procedures described in [110] [111]. In our case, we have Le = 0.018nH and Ce = 0.015pF.
The equivalent open circuit voltage has been shown in Fig.6.12 (the long dashed line). The

effects due to the equivalent resistance Re are minor since the resistance in that region is
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Figure 6.17: Waveforms of the pulse traveling through the via.
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Figure 6.18: Comparison between waveforms with and without the via.
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very small.

6.5 CONCLUSIONS

This chapter presents a semi-analytical approach to tackle the interconnect discontinuity
problems encountered in the VLSI circuit designs. The “semi-analytical” means that the
time domain response of the discontinuity is expressed in closed forms for each time interval
(At) while the original signal is also given analytically at every At [117]. This is an
advantage when sensitivity analysis or optimization is needed for a discontinuity structure.
The mathematical interface presented in this chapter provides such easy facilities.

The extraction procedures for the lumped parameters of a through hole via are given
with approximations. The approximations are based on the following assumptions: 1) the
dielectric substrate contribution to the capacitance between the via and ground plane is
ignored; 2) a very smail amount of the capacitance (6C) between the via and the ground
plane within the thickness of the plane is empirically compensated; 3) a one-element circuit
is used to asymptotically represent a five-element circuit. However, there are quite a few
numerical and an~iytical methods available to do the extraction job. To avoid the mathe-
matical or numerical manipulations involved with these existing methods, the procedures
presented in this chapter provides a simple way to estimate those lumped parameters. In
addition, the time dependent losses included in the equivalent circuit of a through hole via
may play an important role because the time dependent resistance of the via is very large
at the very begining when the signal reaches it.

The mathematical interface is verified by an indirect approach. This indirect verification
provides physically reliable information: 1) as the values of the lumped parameters, such
as Le and Ce, decrease, the distortion introduced by these parameters becomes small; 2)
time domain signals with very small rise time (10ps for instance in this chapter) can excite
resonance of a particular RLC circuit; 3) the resonance in a low loss circuit (Re = 0.35mf)
decays slowly. Fig.6.10 - Fig.6.12 provide consistent agreement with the above justification.

As a supplement work to the previous chapters, this chapter presents a technical in-
sight in the VLSI discontinuity problems. Another alternative approach to build up the
mathematical interface is the adoption of the nodal formulation [119], which is different

from the mesh formulation used in this chapter. The sensitivity analysis can be performed
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based on the modified nodal admittance (MNA) matrix [17]. In principle, both nodal and

mesh formulations for the RLCLR equivalent circuit would yield the same results.
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Appendix A

ANALYTICAL SOLUTION OF A
ONE-DIMENSIONAL TIME
DOMAIN PROBLEM

The one-dimensional diffusion problem associated with boundary and initial conditions is

given below:

O*H oH

-5;5'- bt .UO'W = {) (A.l)

H(0,t)=0 (z =0) (A.2)
Hd)=f1t) (z=4d (A3)
H{z,0)=0 (z € [0,d}). (A4)

To solve the above problem, a reference function can be chosen as

r(z,t) = /(1) (A.5)
r(z,0) = =f(0) (A.6)
which satisfies
r(0,¢) =0 (A7)
r(d,t) = f(2). (A8
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Thus a new homogeneous function is formulated as

V(z,t) = H(z,t) — r(z,t) (A.9)

V{0,t) =0 (A.10)

V{d,t)=0 (A.11)

V(2,0) = H(z,0) - 57(0) = g(2). (A.12)

Using the method of eigenfunction expansion, we have

V(z,t) = ian(t)q)n(:r) (A.13)

i=1
where ®,(z) is the eigenfunction which can be written, according to the boundary

conditions, as

®,.(z) = sin(PdE:c). (A.14)

The initial condition Eqn.(A.12) is satisfied if we have

9(2) = 3 an(0)Ba(a) (A15)

where

_ Ji9(2)@n(z)dz _ _[5 5f(0)sin(Fa)de

w(0} = = A.l6
a(0) [E ®2(z)d e sin?(%lz)dx ( )
From Eqns.(A.9) and (A.1), we obtain
0*V(z,1 oV(z,t
50 _ o080 - g, (A.17)
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where

T I
Qat) = —po>f(t).

Substituting Eqn.(A.13) in Eqn.(A.17) yields

S o et + au0A0n(e) = Q0

where ), = (22£)?2 (n = 1,2,...) is the eigenvalue of the following equation

&d,(z)

gz T An®.(z) =0.

Due to the orthogonality of ®,(z), we have

dan(t) 1
T # ~au(t) = qu(f)
where
(1) < B0 ()s

fo $Z(z)dx

Multiplying Eqn.(A.21) with e¥tand integrating from 0 to ¢ yields:

nw w2 1
an(t) = an(o)e_(T)zf;t + e~ ) &;tfc: (7 ) FYaaTdr .

w

Fina.llj we have

H(z,t) = V(z,t) +r(z,1) ‘-—-i t)sin( )+§f(t)

where f(t) is the excitation function on one of the boundaries.
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Appendix B

INTRODUCTION TO THE
METHOD OF
CHARACTERISTICS

The set of partial differential equation describing TEM transmission lines (generally

nonuniform and lossy ones) is written as [6]

ov o)) .

—5 = L-a-'z-l-R’t (Bl)
o v

—a—C"a—t-l-Gv (B?)

where z is a physical distance along the transmission line, 0 < z < D,, L, C, R and G are
inductance, capacitance, resistance and conductance per unit length specified as function
of z, and v = v(z,t) and i = i(z,1) are the voltage and current, respectively.

By introducing a certain relationship z = z(¢), Eqns.(B.1) (B.2) can be transformed into

two ordinary differential equations. First, we would evaluate the following derivatives:

d Qudz v

-d—tu(z,t) =@ + 5 (B.3)
d, Jidz O
a—t-z(z,t) = 'a—z-ag E (B4)
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After substituting (B.3) (B.4) into (B.1) (B.2) and rearranging, we have

0i dz BU=L§—2-+R71

Loz "5 =la

aUd;:--g?-=0-d—v+G'*v.

Bz dt 8z dt

Combining the above two equations yields

d L. G R . dv Lai dz 1
—-——(v + \/;z) = —(-é-v + ‘/E-C—E) + (a - 1\[%-8—2:)(&? — —\/ET_—C—;)

d L. G R ov Lo, dz 1
i \/gz) =-(Fv— VTTQ +ig - \/;-3';)(5 + "\/}-_;—_C—‘)'

(B.5)

(B.6)

(B.7)

(B.8)

To eliminate partial derivatives from the these two equations, we have to choose z = z(t)

such that

dj} = -——%C'_, i.e., t=const+ f VL(2)C(2)
and
%% = —ﬁ, t.e., t=const— f V‘L(z)C(z)dZ-

Then, we obtain two ordinary differential equations:

-‘—i-(v +pi) = -—(gv + %pi) for t=const-+ ]\/L(z)C(z)dz

dt
-gt-(v — pi) = -(-g—v -+ %pi) for t=const— /  L(2)C(2)dz

where

(B.10)

(B.11)

(B.12)

(B.13)



It is important to note that although (B.11) and (B.12) include derivatives with respect
to ¢, variables ¢ and z are related by (B.9) and (B.10) so that a change in ¢ has associated
with a change in z. Relations (B.9) and (B.10) may illustrated in the z — ¢ plane by so

called characteritic curves or characteristics. For uniform lines these curves are straight

lines, i.e.,

t = const + z/LC and t=const—2VLC. (B.14)

However, for nonuniform lines we have general curves. In order to make the general

characteristics straight, let us introduce an electrical position along the line

y(z) = [ L@Cmn (B.15)

Then the characteristic curves are again straight lines in the y — ¢ plane with the slope of

+/- 45 degrees.

In order to avoid numerical approximations in determining the position and time of each
new point in the z — ¢ plane, we will work with the electrical position y = y(z) only.
Then, the spatial discretization of the line can be defined together with the time step

¢ = At by dividing the total electrical length of the line into n sections (Fig.B.1):

Ay =y{D,)/n = At. (B.16)

On the z-axis we have corresponding points z;, ¥ =1,2,..,n+1, nonuniformly

distributed and

y(zi) = (k= 1)Ay = 4. (B.17)

Using the above discretization procedure, Eqns.(B.11) (B.12) may be approximated by

difference equations
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and

Loz, G R .
Ao =\ GOl = = (At 50 = Fpilewerese

Tk » right-hand side of the above equations can be calculated in a number of ways. For

instance, the value at the time instant ¢ or an average value of the initial and final values

at t — At and t could be used. The second choice is called the “Trapezoidal Rule” and it

is more accurate than the first choice. Details of the implementation of the numerical

procedures are presented in Chapter 4.
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