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SUMMARY

As the current electronic trend tewardintegratingmultiple functions in a single electronic
device, there isa clear need for increasing integration densiyhich is becoming more
emphasized than in the past. Meet he industrial need and realitee new systeAmtegration
law [1], threedimensional (2D) integration is becoming necessaryD 3ntegration of multiple
functional IC chip/pekage modules requires -sonulation of the chip and the package to
evaluate the performance of the syst@rourately Due to large scale differences in the physical
dimensions of chiypackage structureie dip-package cesimulation intime-domain usinghe
conventional FDTDschemds challenging because @fourantFriedrichLevy (CFL) condition
that limitsthe time step. Laguerrf€DTD has been proposed to overcome the limitat@nthe
time step.To enhance performance and applicabil8ieEC methodalgy [2] has been proposed
based orthe Laguerrd-DTD method However,the SLeEC methostill has limitations to solve
practical 3D integration problems.

This dissertatiomproposedurtherimprovemens of the Laguerrd-DTD andSLeEC method
to addresgpracticalproblems in3-D interconnects an@-D integration A method thatncreass
the accuracy in the conversion of the solutions frbaguerredomain totime-domain is
demonstratedA methodology that enabléise LaguerreFDTD simulation for any length of time,
which was challengig in prior work,is proposedTherefore, the analysis of the lefrequency
response can heerformedfrom the timedomain simulation foalong time periodAn efficient
method to analyze frequendpmainresponseusing timedomain simulationss introduced
Finally, o modelpractical structuresf is crucial to model dispersive materials. A Laguerre
FDTD formulation for frequencgependent dispersive materiadsderivedin this dissertation

andhas been implemented

XVi



CHAPTER |
INTRODUCTION

1.1 Background and Motivation

In the semiconductor industry, a need for higerf@rmance, small size, and levost
solutiors for functional integration is becoming more significant. To keep up with the industrial
need, threaimensional (D) integration calledsystemon-package (SoPasshown inFigurel
is becoming necessary. As mdtectionality is integrated ito the package electromagnetic
interactions within the package pose a significant probl&he problem inhigh-density
integration which include8-D structures is theequiranent br tools that enable thdesign and
analysis ofpackage structures an@s within the packageogether at the same time, which is
alsocalledfichip-package cesimulatioro.

Both chip-package cesimulation andhe analysisof 3-D interconnectiorstructures have a
common groundn that there isa large scale difference ithe physical dimensions of the
structure to be dealt with. For chgackage ceimulation, structures with a wide range of
physical dimensions from tens of nanometers to anfi@iimetersneed to be considered together.
In 3-D integration, vertical interconnectios are realized using throughsilicon via (TSV)
interconnectionsemploying silicon as aew packaging substratéJse of TSVincreass the
integration density considerabl$ilicon axide used as an oxide liner in TSYays animportant
role inthe TSVés electrical responsdHowever, theoxideds thickness is vy thin compared to
the via itself. Therefore, TSV structurs fall into the category of multiscale structure$his
dissertation however is not limited to TSVs and addresses any structure that comialitiscale

geometry.
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Figurel. 3-D multi-functional vertical integration in semiconductor packages. (Courtesy:
Interconnect and Packa@enter, Georgia Institute of Technology.)

Traditional timedomain techniques, such as the firdiference timedomain methodare
limited by the well-known CourantFriedrichLevy (CFL) condition and are not suitable ftire
simulation ofmultiscale poblemswhich arisein high-density inegration.The CFL condition
poses an upper bound on the time step to obtain staibhelation resultsThe CFL limit is
inversely proportional to the smallest mesh dimensiofrs the case othe simulation of
multiscak structures, small dimensions in the structeduirea very fine mesh, which malee
the time step prohibitively small. An unconditionally stable scheme using Lagn@yremials
which is referred to asaguerreFDTD, is suggestefbr simulation ofmultiscalestructuresn 3-
D integration as an alternative #©DTD. Because ofthe LaguerreeDTDG unconditional
stability, the time step ithe LaguerreFDTD is not limited by €L condition. Thereforethe
LaguerreFDTD enablessignificant speedip in thesimulation of multiscale structuresisingin

high-densityintegration.



1.2 Contribution

Basal on the LaguerreFDTD, SLeEC methodologyhas been proposed to enhance the
performance,which will be introduced in detail ICHAPTER IIl. However, both SLeEC
methodologyand Laguerrd=DTD still havedifficulties in the application to practical problesm
This dissertation focuses @mhaning the Laguerrd-DTDG applicability. The following work
has been completed in this dissertation

1. An efficient method to recover a tirg®main waveform fromsolutions in the

Laguerredomain has been proposed
2. The limited time duration for which the Lagueff®TD couldbe simulateckarlier

has been resolveénabling lowfrequency analysis usy LaguerreFDTD.

3. A frequencydomain analysismethodology using the LaguetFDTD has been
proposed.
4, A LaguerreFDTD basedformulation for frequencydependent dispersive materials

has been proposed.

Based on the above contributipns software tool has been developed tretdlves
electromagnetic fields in time domain for a given structure and a given source current, which is
called SLeEC. The terndiSLeE® comes fromSLeEC methodology which is an impexy
version of Laguerr&-DTD and will be shown in detail iB8.2 Because the code was initially
developedusing the SLeEC methodology ankdas been upgraded as thesaarch in this
dissertation proceeds, the software @eolame is stiltSLeE® althoughimprovements made in
this dissertation are not limited to SLeHfiethodology but applicable to general Laguerre
FDTD. The fow chart in Figure 2 shows how the software tool works. It reads two files
regarding structure description and simulation setup. The software is explained in detail in

Appendix C.



Structure

Time domain
waveform file
(.txt)

File SLeEC
(.sd)

Simulation
Setup (.ss)

Freq. domain
touchstone
file (.snp)

Figure2. Flow chart of a software todbLeE®

1.3 Organization of theThesis

The rest of this dissertation consists of the following chap@nspter 2 starts with the
description of the nature and origin of the problem being addressed. Chapter 3 desitiibes p
work in theunconditionallystable FDTD scheme using Laguerre polynomials in d&GagEC
methodology, which is an improved version of the LaguEB@D method is explained in
detail as well as theriginal LaguerreFDTD methodin Chapter 3Chapter 4proposes a method
to generate a transient waveform frdire solution in the Laguerrdomain that enhances
accuracy and amputation time compared tprior work. In Chapter 5the limitation on
simulation time in the prior work is introduced anchathod to redge the limitation is proposed
which enables lovirequency analysis using the LagueRBTD method Chapter 6 discusses
methodology to analyze fragncydomain response usingaguerreFDTD. The fundamental
theory tocalculatefrequencydomain parameters from transient simulation is introduaethe
beginning. Then improved methods that enhance the efficiehdpe analysis are shown.

4



Chapter 7 proposes LaguerreFDTD formulation for modeling lossesA mathematical
technique toconvert aformulation usingfrequencydomain information td.aguerredomain is
introduced. Chapter 8 documents practicaD 3est examples that show modelhardware
correlation and correlation to commercial tool€hapter 9concludes this dissertation and

summaries the contributions of thdissertation. Finally, Chapter JBoposes future work.



CHAPTER Il
ORIGIN AND HISTORY O F THE PROBLEM

2.1 Need for3-D integration

Modern electronics requireigher computational speed and data bandwidth agmaller
form factor, which result in an increasing level of transistor integration density in
semiconducta [3] [4]. From the development of integrated circuits (IC) to systexahip
(SoC), silicorbased technology has deiv the growth of the integratiolechnology SoC is
increasing the capability for miniaturization of various computing units and memory p&jcks
However, the extension of the functionality with SoC is limited. Multimediailmatevices
require various subsystems including analog, radio frequency (RF), and sensor submodules in
addition to digital computing unitgnd SoC has difficultyin integratingvariousheterogeneous
subsystems on one single chip. Furthermtiretime-to-market forSoC is not short enough to
meet the rapidichangimg trend of mobile application$d].

Packagebased system integratiog an attractive solution famulti-functional integration
for mobile applications As advanced packaging technology enables the integration of various
submodules in a single package platform, the realization of the-funidtional system becomes
easier. Withprogresdan processingechnology packagebased system component diies will

increase, as shown Figure3[1].



Source: Microsystems Packaging Research
Center at the Georgia Institute of Technology
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Figure3. An estimate of systefimtegration density driven pyackagebased technologl].

For the realization ofhie new systeAntegraton law, instead of cramming chips on the
planar substrate layout as imaditional multichip modules (MCM), the integration of
submodules verticallysing 3-D space isesmployeal in such multilayer structuress shown in
Figure 4. Currently, the3-D packaging concept isealized through Systein-Package (SiP),
which stacks bare or packaged ICs vertically. SysterRackage (SoPs a more extensive
architecture oB-D integrationthan SiPandcontainsembedeéd passiveand active components
in a packagek-or microminiaturization3-D integrationis the fundamental method being ued

for today's packagbased system integratidn] [8].



Embedded Passives
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|

Silicon Stack-up
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Organic LCP Stack-up

Figure4. Typical multilayer stackups used/proposed for electronic packagesurtesy:
Packaging Research Center, Georgia Institute of Technology.)

2.2 Major Electromagnetic Design Challenges

There are severaritical electromagnetic effecthat one needs to carefully consider in the
design of SiP or SoP. ke effets can be classifiethto reflectednhoise,simultaneouswitching
noise (SSN)crosstalk noiseand attenuatiof®] [10].

Reflection noisas produceddue toimpedance mismatchndorrect terminations and signal
path discontinuities causepedance mismatch and resultowershoot, undershoot, and ringing.
Possible sources ahpedance mismatch arbange in the signattrace width, branchingf the
signal trace, and signéihe crossinga gap in the reference plane giving risereturnpath
discontinuity.SSN is caused bparasiticinductance of thgpgowerdistribution network (PDN).
SSN causgfluctuation in the voltage betweg@owerand ground planes, especially whefarge
number of deviceswitch simultaneouslyit is becaus&SN is proportional to the inductance of
the PDN and the first derivative olucrent flow with respect to tim&€rosstalk noisés caused by

the direct electromagnetic coupling betwesggnal traces and viashe close placement of such

8



structues result in the coupling of electric and magnetic fields, giving rige mutual
capaciance and mutual inductance, respectivaliyenuation is caused by dielectuitspersion
and conductor los#ttenuation suppresseise signats amplitude therefore signad-noise ratio
(SNR) is degraded. In addition, loss is proportional to the frequehty hgh-frequency
component and lovirequency component of a signal atéenuagd differently,which results in
signal distortiordeterioraing signal integrity.

As more functionalityis integrated in a packageith higher performancen the 3D
integration the electromagnetic interactions within the packbageomemore significant and
complex Especially, in the case @& mixedsignal system containingligital, analog, and RF
modulesit is critical to fully characterizeéhe systemtahe design level usinghaelectromagnetic
solver.Therefore 3-D interconnectiordesign requires engineering solutions for issues that were

not observed earlier in the plaraterconnectiordesign.

2.3 Challenges in TimeDomain Simulation Method

Key featues in chip-packagestructures that need to laldressedn the design of D
integrated systeastem fromits multiscalephysical dimensiong-or chippackage cgimulation,
structures with a wide range of physical dimensions from tens of nanometersewv a f
millimeters need to be considered togethér. 3-D integration,vertical interconnectionsare
realizedusing throughsilicon via (TSV) interconnectionghich also fallinto the categoryof

multiscale structures.

2.3.1 Finite-Difference Time-Domain Method

The finitedifference timedomain (FDTD) schemés a ubiquitous method for transient
electromagnetic (EM) analysj$1]. The main drawbac&f FDTD is theCourantFriedrich-Levy

(CFL) condition which limits the time stepfor obtairing stable and accuras@mulation results

9



[12]. In EM analysis,smaller mesh dimensiorcontributes to a smalle€FL time step. In

mathematical form, the L condition for EM simulation igiven by

o Y P P P ~ (1)

wherevmaxis the maximum phase velocity of the wave propagatibite qx, qy, andgz are the
smallest mesh dimensions in the x, y, and z direcj@®s Thetime-step limit for numerical
stability can be derived using dispersion analjis.

The CFL condition is a major bottleneck in using FDTD foo-simulation of multiscale
structuresMultiscaledimensions in a chipackage sucture are shown iRigure5. The onchip
structures are in the nanometer scale, the solder pads typically have a diameter rptHE0
package interconnects are in the B0@range, and the package structures, sucthepower
ground planes, are in temscale. The orthip structures that are in timen rangerequire fine

mesles making the time step prohibitively small.

On-chip Interconnects
(Nano-meter)

Solder pads
©eoo oco0oo0 . (Diameter =50 um)
L | «— Package Interconnects
(100 pam)

Package structures

— (mm)

Figure5. Multiscale features in a chipackage structure
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2.3.2 Alternate Time-Domain Methods

The multi-resolutiontime-domain (MRTD) scheme using scaling andvelet functions has
been shown to provide savings of@aler of magnitude with respect to execution tjit#&). By
using orthonormal wavelespatial expansions, thMMIRTD scheme can reduce the spatial
discretization tdwo steps per wavelength. However, the stability conditiotM@TD becomes
more stringen[14]. Holland$ method proposed if15] has been used t@ducethe simulation
time by avoiding fine meshing for thin wires, modeling the thin wires with a cell size smaller
than theFDTD cell. The MRTD and Holland methodare notapplicable to general structures
arising inhigh-density integration.

To eliminate the CFL stability condition, implicit methods canused. These implicit
techniques, in particular, alternatidgectionimplicit (ADI) methods, have been used in solving
heat transferproblems [16], followed by various unconditionally stable finigifference
formulations for parabolic equatiorj&7]. Such implicit techniques were introduced into the
FDTD schemes for solvinjla x we | | 6 s e g u a tniinplicis uncondigonallyl stablen g i n
ADITFDTD method[18]. The ADI-FDTD scheme cabe used to speed up simulation and has
been shown to provida 10x improvement in the simulation timgl9]. A rigorous theoretical
proof of the unconditional stability was presented with numérieafications n [20]. Dueto the
removal of the CFL conditions the ADFFDTD method the time step is no longer restricted by
the stabiliy conditions, but byhe modelingaccuracy of the algorithm. One of the factors that
affect the accuracy isumerical dispersionin [21], it has been shown thasking atime step
larger thanthe CFL limit results inincreasednumerical dispersion ithe ADI-FDTD based
method

Recently, based othe time-domain finite element method (FEM}Je time-domain finite
element reduction recovery (FER) method has been propodé@]. The timedomain FERR

methodhas an advantage of linear complexity, which is suitable to solve very large scale and
11



complex problems. The tirrdomain FERR method has been improved to have unconditional
stability by employing unconditionally stable tirdemain differencing scimees[23]. However,
since the timelomain FERR method is a marchingn-time schemesimilarto ADI-FDTD, the
author believes thdarger timestep then CFL limit may introduce computational eregen

thoughthe stability of thesimulation is maintained.

2.4 LaguerreFDTD and SLeECmethodology

LaguerreFDTD and SLeEC methodologs have been proposed to overcome the limitation
on the time step in the conventional FDTDhey use Laguerre polynomials to ensure
unconditional stability of the simulaticand are explained in detail @®HAPTER IIl. However,
they still have limitationsvhen usedo solve the practical-B integrationproblems, e.g., the
difficulty to obtain the lowfrequency response and to trdatéquencydependent material
properties. For the Laguerre polynomial based methods &pplicable to practical problems, it

is crucial to resolve tiselimitations, which motivated this research.
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CHAPTER Il
TRANSIENT SIMULATION USING LAGUERRE POLYN OMIALS

LaguerreFDTD can be significantlyffaster than FDTD and other tirt®main methods
especiallyfor packaging problems containing multiscale dimensions.uipg an implici
solution technique, a decrease in simulatiore has been achieved at the expensndaicrease
in memory consumption. More@mportantly, because ahe LaguerreFDTDG& unconditnal
stability, the timesteplimitation has beememoved. Sincéhe LaguerreFDTD is a marchingon-
time scheme, a timgteplargerthanCourantFriedrichLevy (CFL) limit does not deteriorate the
accuracyof the simulation In contrast, other methods such as ATD [18] suffer from

numerical dispersion when the tirstep is larger thatihe CFL limit [21].

3.1 LaguerreFDTD

An unconditionally stable implicEDTD schemeusing Laguerre polynomials has been
proposed if24]. The method presented [24] is referred to as the LaguerF®TD schemen
this dissertationThe LaguerreFDTD isanunconditionally stablschemeand thereforethe time
step is not limited by the EL condition.In [24], it has been shown thtkte LaguerreFDTD can
be 80to 100timesfaster than the conventional FDTD schenteere a marchingn-time method
is usedto update the electromagnetic field8ecause ofthe unconditional stability of the
transient simulation using Laguerre polynomeatgl the use of an implicit computational method
the author believes that tHeaguerreFDTD methodis ideally suitedfor the simulation of

multiscale structurearising in chippackage calesign

3.1.1 Weighted Laguerre Polynomials as Basis Functions

Consider the set of polynomials defined by

13
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0 0 is the Laguerre ggnomial of order p. Note that he Laguerre polynomials aausal,
which means that thegre definedor timeo Tt The Laguerre polynomials satisfy a recursive

relationshipgiven by

O 6 p, (3)
00 p 6 (4)
noo ¢hi p 00 o0 n pd oNMaEnq c. (5)

The Laguerre polynomials are orthogonal with respect to the weighting fui§ztion
Q0 00 6Q6 7 h (6)
wherg is the Kroneckr delta Therefore, an orthonormal set of bdsisctions & Fr 8}
can be derived fror(b) as follows:
. t .,
« N Q0 itoh )
wheres > 0 is a timescale factor. These basis functions are referred to as the Laguerre basis
functions. The Laguerre basis functions are also orthogonal with respect to the scaled time
variabled which can be expressed as
e o d 7, (8)
whered i to In (8), dis thetime multiplied bythe time-scalefactor s. The Laguerrebasis
functions forordersp = 01 4 without the timescale factorare plotted inFigure 6. The basis
functionsfluctuatein the order of seconds as shown by thaxis inFigure6. Such chang rate
is too slow to represent tirdomain waveformgesulting from the chippackage problems,

whose bandwidth is in the GHz range. Thereftre,needor thetime-scale factor arises.
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Note that the Laguerre basis functions converge to zetoAasb. Therefore, arbitrary
functions spanned by these basis functions also converge to 2e5ofaswhich means that any

functionconsisting olLaguerre basis functions unconditionally stable.

Magnitude

10 15 20 25 30
Time (sec)

Figure6. Laguerre basis functiorisr ordersp = 0 top = 4.

3.1.2 FDTD with Laguerre Basis Functions

Consider the followinghreeo f s i x Ma x wedquatioeg12a}:i f f er ent i al

TO p1TO 1O |, .

r 9
To i Ta 1o ®)
TO p1O 10 .

TO "Ta T (10
TO p1O 10
To " ToTof e

Using the Laguerre basis furmtis, the temporal coefficients ftire electric and magnetic fields

in (9)-(12) can be expanded as

O ®D O b+ dh (12



0 ©D 0 be Oh (13)

"0 B "0 be dh (14)

whered, i to, andsis the timescale factorThe first derivative of the field variables with

respect to timeé can be expressed in terms of the temporal coefficients as

YEp i ™Y b Y e+ dh (15)

h

where™ B is a casual functiofi25]. Using (15), (12)-(14) can beinsertedto (9)-(11) as

follows:

i ™0 b O b « O
h
P Top low. o (16
- b T a T
0 B .
—h
- b
i ™0 b Ob o
h
(17)
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(18)

L loe low-. us
[5) ) T

To eliminate the tim@&lependenttermse o, a temporal Galerkils testing procedure ¢f.6)-
(18) can be performed by using the orthogonal property of the Laguerre basis functions. By

multiplying both sides of16)-(18) by ol and integrating ovedl  ThHb , we get

i ™0 b O b
' (19
0 b.
L T—I'O 5} T—O [3) ——nh
-b T aQ T w - b
o~ s p T, ) .
i ™0 b Ob — —O b —O b h (20)
v~ s p T, ! .
I MO b O b —— —O b —O P h (21
: p T ® T W
where
0 b 0 B QB (22)

Considerthe standard FDTD Yee cdlll] shown inFigure 7. The cross sections of the
FDTD cell at the locations marked by ttetted lines inFigure7 are shan in Figure 8. The

cross sections iRrigure 8 areviewed by standingt +b of they, x, andz axis and facing the Yee

cell, respectively.
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Figure7. Standard Yee cell.
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Figure8. Sections of the Yee cell marked by the dotted lindSgnre7 parallel to thexz yz,
andxy planes, respectivelyots indicate direction of the fields pointingt of the page.

Rewriting (19)-(21) in a matrix form aftediscretization usinghe centradifference scheme

in spaceas shown irFigure7 and Figure8, we have

18



where
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C

6w (30
Inserting(24) and(25) into (23) and rewriting(23), we have
6" 505 O & RO o
6" 4O i O & RO 4 o
6" 4rO s 0 5 5O 4
6" v 5 O, . 0 45 O . (31)
60" 4 5O . 0 5 5 Oy .
0" ¢ 5 On s . 0 wr Ogn
6" i Ogr - 6 & b
where
6", . P O w0 s O rO Ak
(32
6 w6 wr 6 ARO R N
6° . - 8 wr6 mh (33)
6° . 6 fd  gph (39)
6" . - 6 w6  ssh (35)
6° .. 0 frd  mph (36)
6° . . 6 w6 mph (37)

20



6. . 6 wr6 mph (39)
6" . - 6 wr6 i N (39)
6 . . 8 w6 hi D (40)

6. . _ 6 wr6 mph (42)
6. . _ 6 w6 mp N (42

6 .. _ 8 frd gph 43

6. _ 6 fr6 fr N (44)

© h SO AR O
8

<6 hh o o

8

(45

CO0 i 0 .

8
CO0 i o . . 8

8

In (31,0 - has arelationship with the adjacent 12 electric fields. Equations for the

electric fields inthe x andz directiors can be derived in a similar fashidn.(31), the magnetic
fields are known because their orders are lower than those of the electric fields. Therefore,
equations for the electric fields can be written as a matrix equagitmilows:

60 0 1 M mipli, (46)
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where

O oOhRoORO (47)
0 oy . (49
In (46), T is the summation term frowrder O tog i 1. In addition 0 represents the

excitationcurrent source, which is a known vector. Therefore, the Laguerre coefficients for the
electric fields O can be calculated recursively usi@®) from orderq = 0.

Contrary to tke conventional FDTD method, théaguerreFDTD has an implicit
relationship between the field variables, which results in a sparse system #jaffii$ system
matrix [A] is independent of the ordgrof the temporatesting functiorr  of. Therefore after
the LU decomposition ofA] is performed at the beginningf the computations(46) can be
solved by using the badubstitution routine repeatedly.

By using the Laguee basis functions which decagt A D, the stability is no longer
affected by the timstep size. There step is used only talculatethe Laguerre coefficients of
the excitation in(22) at the beginning of the computations. Therefore, choosing a small time step

doesnot increase the compuiee.

3.1.3 Choice of the Number of Temporal Basis Functions

The method to choose the number of basis functions introdud@d]irs explained in this
section.Consider aeal timedomainsignal P(t) which is defined over the range [0y and is

bandlimited up to a frequencB. P(t) can be represented by a Fourier seagefollows:

~ ~

0O 0Q h (49)

whered —. SinceP(t) is real,6° 0 where * means conjugate transposeP(t) is band
limited to B Hz, then the value af can be fixed by

22



6 — 0. (50)

Therefore, we have

L O 0 Q 8 (51)

In (57), there are BTi+1 terms in the expansion Bf{t). From this,[24] concludes that at least
2BTi+1 terms of the Laguerre ses are requiredo completely charactze the timedomain

waveform of duratioft and bandwidth B, irrespective of its shape.

3.1.4 Calculation of Electric and Magnetic Fields in Time Domain

By solving(46) recursively, the coefficients of each Laguerre basis function can be obtained,
which are the expansion coefficients of the electric and magnetic flelds (12)-(14), we

obtain

o . ;0 O . .+ dh (52
0 . . _0 0 . . + dh (53)
0 . 0 o . .+ OB (54

As shown inFigure 6, the Laguerre basis functions o decays to zero a¥® Ho. Therefore,

the electric and ngmetic fields obtained fror{b2)-(54) also decay to zero a Ho.
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3.2The SLeEC Algorithm

Since the introduction othe LaguerreFDTD methodn [24], several modifications have
been madéo the algorithnfor enhancingts performancé2]. In [2], an equivalentircuit model
of the FDTD grid has been developed. This method hasdpsied to both electromagnetic and
circuit problems consistingf inductors, resistors and capacitor$d6]. The modified algorithm
hasbeemamed SLeEC which stands for ASimulation

The following modifications and additions to the original LaguéiddD scheme have

been made in the SLeEC algorith2T].

1. The limited time duration for which LaguefrFOTD could be simulated has been
resolved, so that LaguerFeDTD can be done faall time duration (to capture the fast
and slowtransients up to DC).

2. The companion model for the FDTD grid has been developed, making the
implementatioreasier without the use of long cumbersome equations.

3. A numericalmethodby which the correct number of basieefficientsis chosen has
been proposed tobtainmaximum accuracy

4. A nodenumbering scheme faptimal memory efficiency has been suggested

Each of these modifications is explained in detaihe following sections.

3.2.1 Simulation for Long Time Duration

A major drawback of the LaguerfeDTD in [24] is that the transient simulatiozan be
performed only for a limited time duratiomhe reason ighe difficulty in the calculation othe
Laguerre basigunctions for long time andhigh order, which will be explained in detail in
CHAPTER V.

In the SLeEC methodhe limitation is overcome bylividing the total simulation time into

differentintervals[2]. Let Intervall span from tim& =ty to t = t;, Interval2 span from time =
24



titot = t;, and so on, as shown Fgure 9. The length of each interval is chosen stitdt
simulation can be accurately performed ie thime duration. The final values #he end of
Interval i are used as initial conditions to siratd in Interval i(+ 1). Thisprocess is repeated
until the time duration for which the simulation needs to be donengpleted. The companion
models for FDTD simulation include initial conditions to enable restartisgnalation which

will be shown inthe following subsectianThe differential equations that describe the transient
behavior of a system haveen modified to explicitly include initial conditions that will permit

simulation for all timeduration. The SLeEC algorithm is applied in eachhetftime intervals.

Interval 1 Interval 2

|-= =|11 ='-|-=
[ [ [
Iy h 15

v

Figure9. The total simulation time divided into different intervals.

3.2.2 Equivalent-Circuit Model Representation of the FDTD Grid

The Laguerréd=DTD approachrequires solving a system of linear equations of the faxm
= b to obtain the unknowrLaguerre basicoefficients.In the SLeEC method,hé linear
equations orFDTD grid arereplaced by equivalertompanionmodek composed of resistors,
voltagecontrolled current sources and independent current sourthe equivalencircuit
models enable the use thie stampng rule [28] usedin modified nodal analysigR9] to generate
and solve the matribequation thereby makig the implementation easi¢B0]. Spice[31]
simulatos, in generaluse the modified-nodatanalysismethodfor simulation. Thereforethe
SLeEC method can be seamlessly integed into Spice for transient EM simulatias using
Laguerre polynomia.

In the Laguerrd=DTD method Maxwells differential equation®f the FDTD gridare

converted into the Laguerre domain as shanvthe previous sectiorFigure 10 and Figure 11
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show thestandard FDTD Yee ce]lL1] and he cross setons of the FDTD cell at the locations

marked by thelotted lines irFigure 10, respectively.

Hz

Figurel0. Standard Yee cell.
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Figurell Sections of the Yee cell marked by the dotted lindsgare10 parallel to thexz,
yz, andxy planes, respectivelDots indicate direabn of the fields pointingut of the page.

The Laguerredomain representations of two of six Maxwelldifferential equations of

FDTD grid are shown in the following:
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where
0 i ﬁh (57)
5 ﬁh (59)
6 . ﬁh (59)
5 1 0 (60)

Note that lhe initial conditions are explicitly included {65) and(56) to enable restarting a
simulation beyoné certain time duration, axplained inthe previous subsectioBquationg55)

and (56) can be represented in a circuit form sd®wnin Figure 12. Figure 12 represents the
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circuit model for the magnetitield 'O and the electric fieldD . at the location

-h -h -h

marked by the solid edges and their intersectiofigure 11. Only the partial & model is

shownin Figure 12. The completanodel @n be derived in a similar fashi@ndis shown in

Appendix A
\‘J‘Ql
{ :—\t \ \V\\’;’
/ iR
N 1val,2 y,
L i1njank R Vg / L injink
....... 4——-/\v/‘-\/f‘\ > 4 s s s
{ i \ | rﬁ'
A= g [_—l
~ val, 1 N 2
\ * ! 11'(1]} ‘::R

Figure12 Companion model of theB FDTD grid in Laguerre domain.

The branch currents represent titlk Laguerre basis coefficienf the magnetic fields and

aregiven by
0 4 5 O gh (61
O 4 O 4h (62
O¢ 4. Q4 .h (63
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Ors_. Q@ 8 (64)
The nodal voltages represent tiik basis coefficient of the eleatfields given by

O s @ 48 (65

In Figure 12, the branckcurrent circuitry represen{$5) and the circuitryconnected to the

node with voltag«abﬁ _i, representg¢56).

The values of theurrent sources and the resisn thebranchcurrent circuitryin Figure12

are

Oy ¢O o 6 0 . h (66)
h
Ofp 8 @ _ . ® . N (67)
: p
Y =8 (68)

The current sources and the resistmnnected between the ground atie node with

voltagew; . in Figurel2havethefollowing values
On Q5. Q4 (69)
Of O ; O 4h (70
Y 6 h (71)
Y &6h (72
& 0 S 0 8 (73
R-r S hon 79 fon O Ro—F

The circuit given inFigure12 can be stamped in a modifieddatanalysis matri§29] and

solved to find the unknown Laguertmsis coefficients of the electric and magnetic fields.
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Solving the circuit showim Figure12in the SLeEC method is equieat to solving(46) in the
LaguerreFDTD algorithm In the Laguerrd-DTD algorithm the recursive calculations d#6)

are needed as the ordgrincreasesin the SLeEC method, the recursive calculations in the
LaguerreFDTD approachare realized bybtaining DC solutions of the equivalesitcuit model

for each orderq as the order increases.The DC solution at the end of theajth iteration
represents theth Laguerre basis coefficient of the electric ahd magnetic fields. Th&C
solution at the end of thgth iterationis used to update the companimodel before solving for
the next set of Laguerre basis coefficients. The number of unkninahseeds to be solved in
the DCanalysis can be reduced bging the Norton equivalent forf@7] looking into the circuit

markedby the double arrow ifrigure12. The values of the Norton equivalanitcuit are given

by

O Ny h (74)
Y Y Y8 (75)

In (74), O has terms involvindO  andO . Therefore Ois a currerdcontrolled current
source. Inthe modified nodal analysis [29], currentcontrolled currentsource terms in
‘Ointroduce additional unknowns, besidke unknown nodal voltag¢30]. However,O can be
implemented aa voltagecontrolled current source ambependenturrentsource, by stamping
the current in a branch directlywith the additional unknownsbeing eliminated. Voltage
controlled currentsources danot introduce additional unknown80]. The unknowngo be
solved areonly the electriefield coefficients (nodaVvoltages) Therefore the matrix dimension
to be solved is iits optimal form.

The partialmodel shownin Figure 12 can beextendedin a similar fashiorto satisfy the

compl ete set of Max wedDfamintte Laguesre domaini al equat. i
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3.2.3 Choosing he Correct Number of Basis Functions

The final stepf the Laguerrd=DTD is to convert the Laguergomain coefficients to time
domainparameterst the outputnodesof interest Here, the number of basis functions used
generating the timdomainwaveform is very important tobtain accurate results because of the
time<d o ma i n w aengitivity to thé rmumber of basis functioAsFouriertransformbased
method to choose the number of basis functions in the LageBf® is proposed irf24],
which is shown in detail i8.2.3 However,the methodonly provides the minimum number of
basis functionsand misses maximizingccuracy. ie methodologyor choosing the optimal
number of basis coeffientsis improved in the SLeEC method to maximize the accufazly
whichis explainedbelow.

1)  Energyanalysis (Step 1)Laguerre basis functions deciayO as time increases, as
shown inFigure 6, anddecay slowegns the order of Laguerre basis function increases.
Thus, for thelater part of a time&lomain waveformwhich is computed as theum of
weighted Laguerre basis functions, the number of fasition needs to be sufficiently
large. The minimum numbeof basis functionsgk.ee t0 represent a timdomain
waveformcan be found by analyzing the tirdemain wavefo mé s  eamtent &g a
function of the number of basis functions.

Energy contenE(q) is defined as a summatior theL! norm:
of W O (76

whereW, is the timedomain waveform obtained usimg1 basis coefficients, an is
the number of discrete time poimteaking up the timelomain waveform.
The energyontentas a function of the number of basis functions is showsgare13.

When the number of basis function is larger tha®, tfiose basis functionshave
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constant energgontent Thereforegknee= 100is considereds the minimum number of

basis functiongo havesuficient energyto represent the timeéomain waveform for the

time durationof interest

2)

3 T L T

23

L
s o .

05

TRy, r-a\
T

0 100 200 300 400 500
Mumber of Basis Functions

Figure13. Energy contenas a function of the number of basis functions.

Finding the optimal mmber of basis functions (Step 2)Given the minimum

number of basis functions from Step 1, #wrect number of basis functiomghich

maximizes the accuracygan be chosen by doing arror analysisUsing moreLaguerre

basis functions does not alwaymprove accuracy, which is explained in detail in

CHAPTER IV. SincetheLaguerr e bawdlus eqbialsricat imen O

regardless of the basis funct@rorderminimizing the error at timé= 0is sufficient to

determine the exact number of basis coefficieht® optimal number of basis functions

Qopt IS choserbetween gunee € Omay iN Order toproducethe smallest error at tinte= 0.

By using a source waveformith initial value zero, the fiel¢alues at all locations also

32



have the value zerat timet = 0. By starting the simulation in a known state, the initial
value istherefore knowrand can be used to minimize error at tirme0.

Although this methodologyor transformation from Laguerrdomainto time domain
providesguidance in determining theumberof basis functionsit still haslimitations such as
spurious osciations similar to Giblis phenomena in the Fourier serigge methodologyor
obtainingthetime-domain wavefornhas been improved in this dissertation as compared to prior
work [32]. Theefficientrecovery ofthe timedomain wavefornusingareducechumber of basis

coefficientswith anincreased accuracy levslin detail InCHAPTER IV.

3.2.4 Node-Numbering Scheme

The SLeECmethodrequires solving a matrix of the for&x=b at everyiteration. However,

LU decomposition has to b#one only oncédecause the matrix stays constant throughout the
iterations. The matrix is sparse and symmetrito make the matrix bandedhe nodes are
numberedn a cell by cell basis.

Let us assume th#te problendomain consists aix x ny x nzcellswhere thdabelfor the
ith Yee celliin thejth row onkth planecan be written asell (ijk), as shown irFigure14.

The nodes within a cell000) at the corner areumbered firstand the nodes within an
adjacent cell inx direction, cell(100),are labeled next. Ithe case of the shared nodes between
cell (000) and cell(100), since all nodes within c€D00) are humberegrior to the numbering
of the nodes wittm cell (100), theshared nodes are skipped in the numbering of the nodes within
cell (100). Next, the nodes withithe cell (200) are numbered ia similar fashion, and the
numberingschemecontinues until it reache=ell (nx00). This numbering process repeated for
the nodes within cellon other rows and planekading to the numbering of all the nodes that

define the structure.

33



Because othe local behavior of Maxweél equationsin a Yee cellthis form of node

numbering can lead to tlfematrix beirg banded as showrn Figure15.

—
Ey
KEX —_— g *EZ
Ey
E: hy
*Ez ,?‘ ? “ompy \
Hx

(i,j.k)‘ﬂ—._.y' % ﬁm 011/21/31
/_) £ /01 111/21/31

A 201 /211/221 /2

Wi k=1

/000 /010 /620 /030
00 /110,120, /13
j 200 /210 /220 /230
i k=0

Figurel4. Efficient nodenumbering scheme.
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x104 Sparsity Pattern (117712 x 117712)

nx = 55
ny =55
2t nz=12

10 +

0 2 4 6 8 10
nz = 1476652 x104

Figurel5. Sparsity pattern of th& matrix suitable for LU decomposition.
3.3 Advantage of using Laguerre Polynomials

Orthogonal polynomials are classes of polynomigigX)} defined over a rangea| b] that

obeyanorthogonality relatioship in the form
0 O/ W ®Q®I| ®h (77)

wherew(x) is a weighting function and,, is the Kroneckedelta A table of somerthogonal

polynomials is givern Tablel, wherew(x) is the weighting function.
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Tablel. Selected gdhogonal polynomials.

Polynomial Interval W(X)
Chebyshev polynomial of th¢
[-1, 1] (1-x%) ™12
first kind
Chebyshev polynomial of the¢
[-1, 1] (1)1
second kind
Gegenbauer polynomial [-1, 1] (1-x%)V12
Hermite polynomial [-B,D] Q
Jacobi polynomial (-1, 1) P W p W
Laguerre polynomial [0,D] Q
Legendre polynomial [-1, 1] 1

Thereare several reasons why Laguerre polynomalksattractiveas compared totler

orthogonal polynomialswvhich are describeokelow:

1. Laguerre polynomials are defined in the interval ob[Pwhich is suitable fotransient

simulationbecause it is easy to enforce thigéial condition at timet = 0.

2. By having an exponential function as its weightfagction, transient simulation using

Laguerre polynomials is unconditionally staldace the amplitude of the functions

decays with time.

3. When solving folN Laguerre basis coefficient&\p, W4, ... , Wi }, the dimension of the
matrix to be solved is independentfsincethe coefficients arealculatel recursively

depending only on the previous or@ecoefficients. In contrast, when oth&rthogonal

polynomials are used, the formulations are not given in the recursive form.
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3.4 Summary

An unconditionally stable implicEDTD scheme using Laguerre polynomials has been
proposed which is referred to as the LaguerFTD scheme.lLaguerreFDTD can be
significantly faster than FDTD and other tintlwmain methods especiallior packaging
problems containing multiscale dimensions. l&mng an implicksolution technique, a decrease
in simulationtime is possibleat the expense ddn increasein memay consumption. Most
importantly, because of Laguetff®TDG unconditional stabilitythe timestep limitation can be
removed. Since LaguerfeDTD is a marchingprn-in-time scheme, a time step larger than
CourantFriedrichLevy (CFL) limit does not deteri@te theaccuracyof the simulation.

Since the introduction athe LaguerreFDTD algorithm several modifications have been
madeto the algorithm forenhancingts performanceThe modified algorithm has beemmed
SLeEC which stands faguerre BgBivalen [Ciectdiwbich usesan n g
equivalenicircuit modelof the FDTD gridin the simulation The SLeECmethod enables the
transient simulation foa long timeinterval which has been difficulusingthe LaguerresDTD
scheme described earlier by other researchdsn, the SLeEC methodcan be seamlessly
integratedinto Spicesimulators by using the equivaleritcuit models.In addition, the SLeEC
method provides the methodology for choositige correct number of basi functionsfor
maximizing accuracy, anduses a nodenumbering schemethat enablesefficient LU

decomposition of the system matrix.
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CHAPTER IV
GENERATING THE TIME -DOMAIN WAVEFORM FROM LIMITED
NUMBER OF LAGUERRE B ASIS COEFFICIENTS

As stated earlier, in the LagueffDTD metthod, a timedomain problem is weritten and
solved in the Laguerrdomain. Since it is impossible to ugeinfinite number of Laguerre basis
functions in the calculatigranapproximation with a finite numb@f Laguerre basis functions is

needed foaccurateand efficien simulation.

4.1 Limitations of Prior Work

A Fouriertransformbased method to choose the number of basis functions in the Laguerre
FDTD is proposed ifi24], whichis shown in detail ir8.2.3 However, the method only provides
the minimum number of basis functions and misses maximizing accuracy. To improve the
method to choas the number of basis functionsiet SLeECmethod proposedwo steps a
choosethe optimalnumber ofbasis functios [32], which isdiscussedn CHAPTER Il in detail.
The first step is to calculate the energy contained in thedwongin waveform. The energy is
defined as a summation of thé iorm. By analyzing the energy, the lower bound efriamber
of basis functions can be found, which has enough energy to represent tkdortiaie
waveform for the desired time duration. The second step is to analyze error at the initial point (in
general, timé = 0) and choose the number of basis funditivat gives the minimum error at the
initial point. The error at the initial point provides the statistical upper bound of error over the
whole simulated time duraticms shown in Appendix .BHlowever, the proposed method[82]
does not guarantee the minimum error diaerwholesimulated time duration.

For example for the given timedomain waveform shown iRigure 16, the energy analysis

(first step) shows that the number of basis function needsrwbethan 100 as shown Figure
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17. Errors attime t = 0 are plotted with respect to themberof basis functions as shown in
Figure18. Based on the error analysise SLeECmethodologypicks 162, which generates the
smallest error aimet = 0, as the optimal number of basis functiorsulting in the recovered
time-domain waveform shown iRigure 19. Compared to the original tim#gomain waveform,

162 basis functions sedam produce amaccurate waveform.
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1000

I
1
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400~ .

200~
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-400 - -

-600 - Ny

-800 r r r r r r r r r
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (ns)

Figure16. Exampletime-domain waveform tderecoveedusing Laguerree basis functions
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Figurel7. Energy content of the recovered waveform as a function of the number of basis
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Figurel8. Error att = 0 as a function of the number of basis functions
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Figure 19. Recovered timglomain waveform using 162 basis functions compared with
originalwaveform.

4.1.1 One Optimal Number of Basis Functions for Multiple Time Points

However, good correlation between the recovered waveform using 162 basis functions and
the original waveform does natecessarilymean that 162 is the optimal number of basis
functions in terms of accuracy recovered waveform using 8&asis functions isonsidered
for comparisonAt timet = 4.6ns, the waveform using 162 shows better accuracy than one using
188 basis functions as shownkigure 20. However, atime t = 4.35ns the use of 188 basis
functions producea closer value to the original waveform than the use of 162 basis fun@sns
shown inFigure 21, which meanghat the optimal number of basis functiaan bedifferent at

each time point.
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4.1.2 Spurious Oscillations

In addition a recovered timeomain waveform haspurious oscillationgn early timeand

near sharp transitiorss shown irFigure22.
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Figure22. Spurious oscillations
(Left: Recoveredime-domain waveformright: magnifiedview of thecircledarea)

To qualitativelyanalysis the spurious oscillations, ttep functionrshown in is considered

as an example.
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Figure23. Example waveform to recover
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The waveform shown irrigure 23 is recovered using0, 500, 5000, and 50000 basis
functionswith the time scale fact® = 1e10, as shown iRigure 24, Figure 25, andFigure 26,

respectively.
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Figure24. Recovered waveform using 500 basis functions.
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Figure25. Recovered waveform using 5000 basis functions.
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Figure26. Recovered waveformsing 50000 basis functions.

Figure 24, Figure 25, and Figure 26 show that the magnitude and frequency fireous
oscillationsdecreases and increases respectively as the number of basis functions irfueases.
trend eliminates the probability that the spurious oscillations come from computational errors.
Also, the trend is the same as Gibbs effect in Fourier series. It is worthwhile to note that error
near the sharp transition point is not easily dampeunstdly increasing the number of basis

functions. Quantitative analysis of the spurious oscillations is left for future work.

4.2 New Methodfor Obtaining Accurate Transient Waveform

As the number of basis functiog®es to infinity,the approximated solutiowith the finite
number ofbasis functions converges to d@sginal solution.At a fixed timet = tsxeq during the
process othe timedomain solutionconverging to the originadolution as the number of basis
function increases, the solution fluctuates nearotiganal solutionwith decayingmagnitude of
the fluctuation as shown iRigure 27. Therefore,the appication of a low-pass filterto the

convergingprocessenhance the accuracy ahe solution by removingthe fluctuations Also,
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compared to the unfiltered case, lpass filtering provides faster convergence to the original
soluion, resulting ina smaller number of basis functiorie achieve the desiredccuracy. The

following infinite-impulseresponse (lIR) fter is chosen to wipe ouhefluctuations

® 6hheB o+ o0, (79
® 6,0 0 p —o 0, 79
o 0k , 0 0 p —o 0. (80)

whereW is araw waveform,W; is the intermediatevaveform in the filteringW is the filtered
solution andl; a n d arairelated to the strength of the filtering whose values are between 0 and
1. B j0at nha arn@l empirically chosen toe 0.95 inthe examplein this chapter As shown in
Figure28, the filtered solution converges more quickly and smoothly than the unfikehetion

without fluctuations
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Figure27. Converging trend(Left: the timedomain solutionright: the timedomain
solution at time t=2.425ns as function of the number of basis functions)

Since the filtered solution converges more quickly to the solutiam the unfiltered
solution the number of basis functi@requiredto ensure a certain level afccuracy can be

significantly reducedAs the simulation rurtime is directly proportional to ghnumber of basis
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functions inthe Laguerréd=DTD, the use of fewer basis functionsesultsin reduced simulation
time. On the other hand, by filtering the solution at each time pemar is minimizedfor the
overall simulated time duration. Therefore, spurious oscillations in earlydigappear as shown

in Figure?29.
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Figure28. Convergence of the filtered solution
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Figure29. Removal of spurious oscillations bytéiting

4.3 Numerical Results

Ab i r-ayédveew of themodeledstructure is shown iRigure30 (a). The orchip structures
along with the interface between the chip and the package are shdvigune 30 (b). The
magnifiedview of the region marked by the circle bigure30 (b) is shown irFigure30 (c). The
structure has eohip interconnects in the metal layers M1 and M2, connected by vias and routed
on the redistribution layer, through the solder pads, to the package and routed as-lpaekage
interconnectsThe onchip structures irFigure 30 (c) represent the interconnectionstire M1
and M2 layers o&an SRAM cell. A crosssectional view of the structure is givenFigure31.

One ofthe importantfeatures of the chippackage structure is the multiscale dimension
from the nanometernfm range to the millimeternfm) range, resultg in a scale ratio of
1:50,000 in this example. The-ghip structures that are in thenscale require a very fine mesh,
and therefore the simulation time becanpeohibitively large using the conventional FDTD

schemebecause othe CFL condition. The ime-domain response of the electric field at the
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location markedoy @robedin Figure 30 (a) up to 5nsis computed. ThenodulatedGaussian
current source is used to excite the structure at the end of the package trace as Siguva in
30(a).

The structure has been simulated usingdbeventonal FDTD, LaguerreFDTD method
without filtering, andLaguerreFDTD methodwith the proposediltering method. The normal
SLeEC schemwithout filtering requires 502 Laguerre basis functions wihies_aguerreFDTD
schemewith the proposed filtering pross needs only 36Basis functions, which speeds up the
simulation by 33%, from9@ minutes to 6 minutesThe simulation resultshow very good
correlation betweeraguerreFDTD and FDTD as shown ifrigure 32. Since the simulated
waveforms from LaguerreFDTD with and without filtering are overlapped, they are
indistinguishable in the figureSpurious oscillationsn early timeare suppressed bytéring as
shown inFigure 33. While it takes 30 hourasing FDTD the LaguerreFDTD method with the
proposed filtering scheme in this chagiatesonly 6 minutesto complete the simulation for the
same structure with the same numlof cells. This represents 300x speedup over the
conventional FDTD scheme. The simulations were run on a Pentium quad core, 2.4GHz

processor with 4GB RAM.

Modulated Gaussian
Current Source

(a) (b) (c)

Figure30. The bseyediiéw ofa test chigpackage structure
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Figure33. Reduction of spurious oscillations in early time

4.4 Summary

In the LaguerreFDTD approach a timedomain problem is converted into the uLege
domain and solved in the Laguedemain. Since it is impossible to uar infinite number of
Laguerre basis functions in the calculation, a proper approximation with a finite number of
Laguerre basis functions is needed for the accuracy of the sionuldhe SLeEC methodology
provides a method to find the optimal number of basis furgtiblowever, the resulting time
domain waveform is not globally optimal regarding the accuracy.

In this chapter a method fomaximizing the accuracy with the minimumumber of basis
functions has been proposed, whiddues the simulationrunning time and increass the
accuracyof LaguerreFDTD. The proposed methagmovesspurious oscillationgn early time
as well. The proposed methbds beerwverified througha chip-package cesimulation example
The simulation result of the exampdows thatthe transientsimulation using the proposed
method is 30@imesfaster tharFDTD while maintaining the accuracy.
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CHAPTER V
SIMULATION FOR LONG TIME DURATION

Due to the behavior of Laguerngolynomials,the LaguerrdcDTD methodhas a limitation
on the maximum time duration over which the structure can be simytedlthough the
SLeECscheme proposed if2] overcomes such limitation on the maximum time duration by
dividing total simulation time into different timatervals, it has a drawback that error is
accumulatedas the number of timentervalsincreags Hence obtaining the low frequency
response usnSLeECis a challenge.

In this chapter a mehod for simulating long timeintervals using the LaguerrdsDTD
schemds presentedhat can be used to compute the low frequency response in addition to the
high frequency respons&he proposednethodis applied toa multiscalestructureexample for

verification.

5.1 Difficulty in Calculation of Laguerre Basis Functions

The frst five Laguerre basis functions are plottedFigure 34. Sincethe Laguerre basis
function® fluctuaton is too slow to describe thiene-domain behavioof interestin the range of
nanosecorslor microsecons timet is transformed int@a scaledtime dlusing a timescale factor
sanddlis used instead dfin the actual simulation:

o i 8 (81)

However, in this section, the use of the tiswale factor is omitted for simplicity.
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Figure34. Weighted Laguerre polynomials for ordgrs O top = 4.

As shownin Figure 34, Laguerre basifunction (ix(t) decays to 0 asincreases wheréy(t)
decays slower as its ordpris higher Therefore, ashe time duration gets longr, higher order
Laguerre basis functisrare required for accumatesult in the approximation (81). However,
it is difficult to compue Laguerrebasis functios with higher order foralong timeinterval The
Laguerre basis function representedsthe product ofan exponentially decaying function and
the Laguerre polynomialThe nth Laguerre basis functiori,(t) can be representedby
multiplying the Laugerrepolynomialwith an exponastial function as:

- 0 0 0MTh (82)
whereL(t) stands fonth Laguerre polynomial.

Figure35 (a) shows a flowchart of the approacted in[2] to computeli(t). ThelLaguerre
polynomial of ordep can be calculated by usingetfollowing recurrenceelation

O 6 ph (83
06 p o (84)



no o ¢ch p o0 O n p0 OhEINO ¢8 (85)

By following the recurrence loop iRigure 35 (a), the Laguerre polynomial,(t) becomes
very large aghe ordern increasesBeyond a large enougbrder numberthe kasis functions
becometoo large to be represented using IEEE4 floatingpoint standard, and therefore are
computed asnf in the digital computerOn the other hand,sas well known the exponential
function e”? decays tazerorapidly and therefore the exponentiahétion is treated as absolute
zeroin thecomputer beyond a certain tirpeint. Therefore, after some time, the basis function
no longer hasiny meaningful value and is representeth&s0 or NaN (not a number)asshown
in Figure 36. In Figure 36, the graph terminates abruptly arouhd 1440 when the computer
cannot determine thealue of the basis functions

Therefore becausef thedifficulty in computng Laguerrebasis functias of high order for
long time interval the LaguerreFDTD method proposed if24] has the limitabn that
simulation can only be performed farlimited time duration and cannot bgerformedfor all
time. The SLeECscheme proposed {27] overcomes such limitation on the maximum time
duration by dividing total simulationime into different timeintervals. However, it has a
drawback that error is accumulated as the number ofititeevals increasesdence obtaining
the low frequency response using SLeBCstill a challenge.The dtimate solution for the
limitation on time duration is taenablethe calculation of Laguerre basis functions with

sufficiently high order and long tindurations
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5.2 Introduction of Balanced Laguerre Polynomial and Balanced Exponential
Function

The previouslimitation can be overcome bintroducing a balancing process in the
recurrencdoop as shown irFigure 35 (b). For the description dhe balancing process in the

proposed algorithmj,(t) is represented dsllows:

« 0 65p00hN (86)

where
6r 0 0 0N h (87)
0O QO ~°8 (88)

0y 0 andO 0 in (87) and (88) are calledthe balanced Laguerre polynomial and
balanced exponential function, respectivaliariabled ; 0 can be calculatedsing (83)-(85)
and (87). New parameters and variables suchdasn, and k are introducedrelated to the
balancing procesd is a threshold valughat limits the magnitude of the balanced Laguerre
polynomial in the recurrence looParametersm and k representthe strength of balancing
process andhe degree of balancing, respectivel. relation between the balanced Laguerre
polynomials before and after the increment of degree of balancgiggisby

O0p 0 O 00Q —8 (89

wherem should be selected to ensi@e > is large enough to handle the IEEE-754 floating

point standardFor larget, Q 2 can be too small tbe represented as naero value in the

computer.lt should beavoided sinc® ; 0 goes tozero by the incrementin the degree of

balancingk in that caseThereforem needs tde sufficiently large to maka ~2 treatable irthe

IEEE-754 floating-point standard
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A rule of thumb for representing in terms ofthethreshold valugyis the following:

0

I = 90

Y 78 (90)
It is requiredto makethethreshold valuey as follows in terms ain:

_ 0°8 (91

If (91) is satisfied,by (89), the magnitude of the balanced Laguerre polynorbedtomes
approximatelyl asthedegree of balancing increases.

The kalancing procesgreventghe magnitude of balanced Laguerre polynosfiam being
too large.If the magnitude ofa balanced Laguerre polynomial gets larger thiaa threshold
valued, the balancing process is perfaed by increasinthe degree of balancink Sincem and
t have positive valueshe magnitude of the balanced Laguerre polynomial redudke degree
of balancingk increasesas shown in89). Therefore, the balanced Laguerre polynomial will
always remain less thahin the recurrence loop, which circumvents keeN problem.

After the computation od ; 0 is completedthe Laguerre basis function can be calculated
using (86). Hence, this formulation enables the application of the LagddED method for
computing the response over long time duration.

The computationof the 1000th Laguerre basis functidi(t) by the proposed methaand
the prior methodused in[27] is plottedin Figure 37. The method if27] cannotcalculatethe
basis functiori(t) whent is larger tharl44Q which is equivalent to 28s when thetime-scale
factor is %10°. However,the poposed method successfully obtains the value of Laguerre basis

functionat timet greater than 144@s shown irFigure37.
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Figure37. Calculated 1000th Laguerre basis function
Red: proposed method, blue dgtsior method

5.3 Numerical Results

As shown inFigure 38, a coplanar transmission line in the package is connecteddbipn
coplanar line through soldéumps. Two ports are definatleach end ahe package trace. The
structures are assumtmbelossless in this example. This structure has a scale ratio @ Q00D
which is from200 nm of the on-chip viad diameteto 20 mm of the package interconnaonés
length Due tothevery fine mesh required for the -@hip structure anthe very small time step
based onthe CFL condition, the estimated simulation time for us long simulation is
approximately212 days. Thistructure was simulated usihgguerreFDTD with the proposed
method for calculating Laguerre basis functiomgich todk 36 hours. In this exampleaguerre

FDTD showed 100xspeedp over FDTD.
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Figure38. Coplanar transmission line structure from PKG to chip
(a): top view (b): crossectional view

Since the transient response was computedL fos durationas shown inFigure 39, the
insertion loss (s21) from 1MHz to 10GHz could be extracted from the simulatedidimain

waveform usin@nFFT, as shown ifrigure40.
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Figure39. Simulated timedomain waveform at Port 1.
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Figure40. Insertion loss (s21) dhe coplanatransmission line structure.

5.4 Summary

Due to the difficulty in calculating Laguerre basis functions for long tim&srvals
LaguerreFDTD has a limitation @ the maximum time duration over which the structure can be
simulated The SLeECmethoduses aechnque hat enables simulation for long timentervals
by dividing, the total simulation time into different timetervals. However, it still has a
drawback that errcaccumulatess the number of timtervalsincrease Hence obtaining the
low frequencyresponse using SLeHtas beem challenge.

This chapterhas describe a methodto compute the transient responfee long time
intervalsusingthe LaguerreFDTD method To enable simulation from DC to high frequency,
the basis function representations have been modified irchigigterby introducing balanced
Laguerre polynomials and balanced exponential funstign simulation result using the
proposed methodasshown 100x speedup over the FDTD scheme, making it a viable candidate

for the cesimulation of chippackage interconnect structures.
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CHAPTER VI
EFFICIENT FREQUENCY -DOMAIN ANALYSIS USIN G TIME -DOMAIN
SIMULATION S

A methodologyfor obtaning frequencydomain parameterfsom time-domain simulatioa
is discussedn this chapter If the time-domain responseéoes not sufficienyl decay tozero
before the end othe time duration of interestjue to spectral leakage, itBscrete Fourier
transformhasa series of lobes, whicresults in inaccurate frequendpmain parameters. To
avoid thespecialleakage problem, there are twolutions run a time-domain simulation until
the transient response decato zerq or apply a windowing function tothe transient response
which forces the transient response to decay befthetime duration endsin this chapter, a
time-domain simulation techniqu® accelerate the damping which may redtloesimulation
run time is presentedspeciallyin low-frequency analysighe time-domain simulation needs to
be performed foalong time. In the convdional FDTD method, sincthe size of the time step
is limited, simulation for long times requiresa large number of iterationgesulting inan
increased run timeHowever,utilizing LaguerreFDTDG& marchingon-in-degree natutea time-
domain simulation for lowrequency analysi€an be performedvithout the consumption of
additional resourcecompared to mid or high frequency analydikisis shown in this chapter,

followed by a rumerical example

6.1 Time-domain to Frequencydomain Transformation

Consider awo-port network as shown iRigure41. A method introduced in this sectitor
the twoeport network examplean be easily extended géomulti-port network For a two-port

network,Z;; andZ;; can beobtainedrom thefollowing equations:
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W 000 sO T1h (92

) 00 9 ‘0 th (93)
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where F is the Fourier transform operatov; and |; are thevoltage and current at port

respectivelyZ;, andZ, can be calculated similarly.

11 12

portl —_—  — <«— Port
+ -+
V1 2-Port Network V2

Figure4l Two-port network

Voltage at a port is defined using thesgral of electric field as follows:
@ ot ' h (94)

where C is an arbitrary path connecting both endkegiort.
Once Z parameters are calculated from the -timmain simulation, S parameters can be
calculated fronthe Z parameters using the followinguationg33]:

o - I" 9

Y T h (95)
w SO (96)
Y 5
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GO W Fl (97)

oy ® 0w 0 0., (99

whereY @& & @©@ @ O Q.

In ageneral multiport networktherelation between S parameteand Zparameters igiven by
Y ® ©) O @) 8 (99

where [ and [Z] representshe S and Z parameter matrix, respectively, and Ithe identity

matrix of sizen.

6.2 Efficient Time-domain Simulation forFrequencydomain Analysis

As discussed in the previous sectifnequencydomain analysis can be domsinga time-
domain simulation.Since only a finitdength transient responsean be perforred if the
transient response does not decay to zero witldrsittinulated time duration, some energy leaks
out of the original spectrum into other frequenciedich is calledfispectral leakagé The
spectral leakage results anseries of lobem the frequency domaiandinaccurate frequeney
domain parameters. To/@d thespecialleakage problem, there are two solutions: auime-
domain simulation untithe ransient response decaip zerg or applya windowing function to
the transient response which forcefully makine transient response decay beftre time
duration endsHowever, thesecondoption which applies windowing function may introduce
error in thecalculationof frequencydomain parameteisecauset distortsthe original transient
responseln this chapter, a timdomain simulation technique taccelerate the damping is
presentedwhich can reduce the required length of a tooenain simulatiorcompared tahe

first option to run a timelomain simulation until the transient response decays.
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To make the transient response decay rapidly, useasigtive source has been presented in
[34] [35] [36] [37]. However, none of tlee authorsleembedded the effect of the resistance at
the ource locationIn order toaccelerate the decay of transieasponsedor the frequency
domain analysis ofthe two-port network shown irFigure 41, additional shunt resistsrare

attached at each port as showifrigure42.

v o v
* E
portl L I =V1* |1| 12 =\/2* : 12 port2
|
| 7113712 221)722 :
Z11%* 712* : 2-Port Network I 721%, 722*
| R1 R2 :
: .
I

Figure42. Two-port network with additional resistances at port locations
When the resistances at the ports are sufficiently sthallresistorsnakethe time-domain

waveformdecayquickly afterits excitation using theource current. lirigure 42, the network
with resistors outlined by dashed lsnghows themodified network containing the originato-
port network. The elatiorship betweerthe original ®twork and the modified networan be

expresseas follows

W W, (1200
® O Y wh (101
o O o h (102
: w . 0 . O ® . Y 1 . . )
where w O (@) o @ oG Y VE Variables withan asterisk

represent respective variableghie modified network.

Inserting(100) and(101) into (102), we get:
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W O Y wh (103
0o &Y W O ws (109
Thereforethe Z parametersf the original networlcan be represented in terms of thedified
networl& Z parameteras
® O &Y W 8 (109
Solving the modified network instead of the original netwale, simulationrun time can
be significantly reduceds the transient responsepidly decayBy deembeddinghe effect of
the additional resistances at ports in the modified network y4i@9, accurate frequeney
domain responsecan be calculad using a time-domain simulatiorover a short time period

This method can be extendedatmulti-port network easilyif necessary

6.3 Efficient Laguerre-FDTD Simulation for Low Frequency Analysis

Analysis of bw frequency behavior using timgomain simulationrequiresthe transient
responsdor along time regardless of how quick the transient response reaches the steady state.
When the lower bound dhe frequency rangef interestis f,, the required length ahe time-
domain simulatio; is given by

w P
Y 8 (106)

In the FDTD methodthetime dep is restricted bthe CFL limit as sated earlier. Therefore,
for low frequency analysis, numerous iterat@reneeded using the FDTD scheme, resulting in
afairly long computationtime. For example if the requiredfrequency range is halved, then the
time duration of the timeomain simulation should be doed, which requiredwice the
computation time.

However,in the Laguerrd=DTDG scheme, there is a tinseale factoland the time step is

not restrictedBecause of the tiragcale factoras long ashe percent bandwidth of the transient
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responsestays constant, cqoatation time does not increalsg adjusting tk timescale factoin
the case thdahefrequency rangef interest is lowered.

For examplelet us considetwo casedor agivenstructure (1) transient simulation for &s
with a frequency rangef interestfrom 500 MHz to 1 GHzand(2) transient simulation for Gs
with afrequency rangef interestfrom 500 kHz to 1 MHz. If the FDTDmethodis used, Case (2)
requires 1000 times more computation time than Case (1) because the number ofsitsration
1000 times larger. Howeveanalyss of Case (2) using the Lagueff®TD methodcan be
performed withalmostthe same computation timeequiredfor Case (1) using the Lagueire
FDTD by adjustinghe timescale factoand sourcés frequency irCase (2)y 1/1000compared
to Case (1).

6.4 Numerical Results

The test structure is a 2.4 GHz bgvaks filter structurghown inFigure43. It is a4-layer
structure in a homogeneous mediurmadétivedielectricconstanB.48. The filterdimensios are
3200um x 3000um x 16 um The entire structures enclosed in a PEC banddiscretizednto
72 x 68 x 15 = 73440 cells.The ®nductor material is PEQ'he delectric material iassumed
to belossless and nedispersive A modulatedGaussian source current is excited at each port i
the timedomain simulatioa Sincethe struatire is losslesandhas a resonance near 2.4 GHz
transient responseoscillateforever wihout dammg, as shown irFigure 44. However,for the
casewhereresistors of 50 ohm are attached afpalits, the transient response&lecay quickly as
shown inFigure 45. Figure 45 shows the electric fieldin the z direction at Brt 1 after the
excitation of the source currentRort 1. Calculated $arametes areshown inFigure 46 and
comparedwith S parameters froma frequencydomain commercial tooSonnet,which uses
methodof-momentanalysis[38]. Comparison witithe commercial toadhowsgood correlation
in this example.
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Figure45. Rapidly decaying transient response
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Figure46. Calculated S parameters

6.5 Summary

Frequencydomainanalysis can be performdm time-domain simulatios usingan FFT.
For efficient timedomain simulations for frequendomain analysis, a method that attaches
resistors at each port has been proposed, which dantipemsinsient response#\ relation
between theoriginal network and the modified network with port resistors has been derived.
Therefore, the resistors can be-atebedded after the calculation of frequedoynain
parametersFor low-frequencyresults being a marchingn-in-degree rethod, the Laguerre
FDTD has aradvantagen thatthe low-frequency response can be calculated efficienitflout
consumption of considerable additional resosinviile the FDTDmethodsuffers fromlarge

numbes of iterations which consumes morartime.
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CHAPTER VII
MODELING OF DISPERSI VE AND CONDUCTIVE MA TERIAL IN 3-D
STRUCTURES

Luebbers introduced frequencydependent FDTD formulation for dispersive materials
1990 [39]. In this chapter a LaguerreFDTD formulation to model wave propagation is
introduced usinghe Laguerre transform of the convolution operator. The proposed formulation
is verified with a numerical example and compared with the results from the FDTD formulation.
The compariso reveals that the frequendgpendent FDTD formulation for dispersive material
is properly implemented irthe Laguerre domain so that frequenedependent dispersive

materials can be analyzed usthgLaguerreFDTD simulation method.

7.1 Time-domain Formulation for Frequencydependent Materials

In this section materials are assumed to be linear and isotropic. The freqdentain
information (such as permittivity and permeability) is Fourier transformed to adimein
susceptibility function[40]. For simplicity, only the permittivity (electric susceptibility) is
discussed in thisection The extension to magnetic pembdity is similar. In the timalomain,

we have
06 - -006 - 0o t..tQh (107)

where...T ,- and- representhetime-domainelectric susceptibilitfunction permittivity of

free space, and infinite frequency relative permittiviggpectively.
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7.2 Transformation of Convolution Operationfrom Time-domain to Laguerre
domain

In order to represer{il07) in the Laguerredomain, transfor@tion of the convolution term
in (107) to the Laguerredomain is requiredThe Laguerredomain is based on orthonormal
Laguerre basis functionés stated in the earlier sectionsetth Laguerre basis functiain(t) is

defined as the product of ti Laguerre polynomial anahexponential functiofi24], given by
« i 0 0 i otQ™h (108
whereL;(t) is theith Laguerre polynomial anslis the timescaling constant.
Let X(t) and Y(t) be arbitrary timedlomain waveforms defined fdar> 0. Theycan be

represented irthe Laguerredomain as a sum of Laguerre basis functions scaled by Laguerre

basis coefftientsX; andY;, as showrn (109 and(110):

Yo e i (109

Wo W i 3 (110
Their convolutionZ(t) canbe written as
W0 WOZWo Wo TwtQs 11y
The Laguerredomain representation dft) can bewritten as
Wo e | @B (112

Applying the temporal testing procedure wiifft), Z(t)& ith Laguerre basis coefficients can be

obtainedasfollows:
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G e i @000

(113
e {0 o totQias
Summation o&; fromi =0 tonis given by
@ e i @0QO0
« 0 o twtQt Qo
DI~ o twtQt Qo
(114
bio t0 I fo Q"
t ®o totQfQo
0i @™ OQI0 i Qo ot QtaQ
wherek=t-U
In (114), the following property of Lguerre polynomiahas been used:
0 W 0 w0 w38 (115

Sincek andUare independemariables, sparating terms dé and terms otlin (114), we get
@ Di ™GO 0 i T wtQt (116
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From the summation d; in (116), thenth order Laguerre basis coefficient for the convolution

of X(t) andY(t) is obtainedas follows:

(117)

7.3 Laguerre-domain Formulation for FrequencyDependent Materials

Under the assumption th@ o is defined only fort > 0, (107) can be rewritterusing the

infinite integral as
00 - -00 - 0o t..tQ8 (118

This assumption is reasonable since the Lagueansformis for functions oft defined for 00t

Ob. TheLaguerredomain representation (£18) can be written as

0O - -0 - 0... 0...
- - ..o - 0 .. (119
- - o - 03... h

where
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(0 « 0000 (120

0 - 0000Qb (121
« 0..00Q0 (122
W.. .. .. 8 (123

Maxwellés curl equations in differential form are

0 2 o .ch (124)
T o0

v o g (129
(0]

In (125, we assume thag = s for linear and isotropic media.

By applying the curl operation {@25) and substituting124), we get

0 of , 0
o 2 120y (126
To T o
The first and second derivative with respect to time can be expred&d as

YO ~ ~ .

LYO ¢ Py Yoo i (127
T o q .
T Yo | P~ o~ o
= Q QY . 12

T i . Y v Q QY i @3 (128

Now (126) is transformed intothe Laguerre domain with consideration ofthe frequency

dependent behavior of gisrsive material usin@27), and(128), which results in
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i—of ,0 of ,O 8
C §
R
Using(119), (129 can be rewritten as follows:
“- i “i
0O - o —0O
T C
P oy
T
¢ Q- .. O
) (130
R
¢ QoY
h
Ci=of of ,O0 8

The double curl on the left sige (130 can be represented in discretized form usingdYspace
lattice and the central difference scheme.

It is important to note that the right side(@B0 consists of Laguerre bagisefficientsup
to (n - 1)th order forE and Laguerre basis coefficients tbe source currend, while theleft side

has onlynth order Laguerre basis coeffictsrfor the electric fieldE. Therefore (130 enablesa
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recursive calculation of Laguerre coefficients using previous coefficientadetectromagnetic

waves within structures containing dispersive material.

7.4 Customized Formulation foDispersion Model

The frequency domain information is Fourier transformed to a-diomeain susceptibility
functiong(t) [39]. A Laguerredomain susceptibility functiog is calculated by transforming the
time-domain susceptility function into the Laguerredomain. Using the Laguerdomain
susceptibility functionthe electric flux densityO canbe represented in the Lagued@mainas

shown in the previous section

¢

o --0 - 0... 0... (131)

where- and- representthe electric permittivity of free space, arttie infinite frequency
relative permittivity, respectively.

Using(131), the frequencylependent dispersion can be incorporated in the Laga&T®
simulations. However, due to the summatiamigin(131), all previous solutions from order
0 ton - 1 are required to calcula@ , the nth order Laguerre basis coefficient for the electric
flux density. Therefore, as order increases in the Lag#dieD computation stepsa
significant amount of memory is needed to store all solutions in the previous ordera.l&geh
memory consumption for dispersiamtroducesinefficiency to the LaguerrfeDTD methodin

solving practical problemsontainingdispersive materials.

7.4.1 Debyemodel

The Debye model satisfies the Kram&®nig relationship and results in an efficient model

for the frequencydependent complex permittivity, given by
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- ; .- - 5 13
1 5T (132

wherew and?t represent the strength and time constants of various relaxation proeesses,
the static permittivity, and is the permittivity at infinite frequency. To maintain an
approximately constant loss tangent over a bandwidth of adfeades( p is required.
However, for simplicity, the case with p is discussed in this sectioft can be eagjl

extended t@ pin a similar fashion. The frequencpmain susceptibility function is

] © i 13
5o (133

where®andt are the strength and time constant of the-birsier Debye relaxation proce3he

fourier transform of133) is given by

Lo - - zQTYoh (139

where™Y 0 is the unit step function. The tirtomain susceptibility function for the Debye
model is represented the Laguerrelomain as follows
| Ak (139

where

e (130
andsis a timescaling factor in the LaguereDTD.
Equation(131) can be rewritten as follosv

o --0 -d (137

where

o 0... 0... 8 (139

Inserting(135) into (137), we have
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J on on h (139

By subtractingicd  from ¥, we get

g nd | on On
N on on
(140
Oon Oon
on on
| O O 8
Using(140), J can be alculated recursively as follows:
Jd nd | O O Hhorn>0, (141)
d | O8 (142

Therefore, usind137), (141), and(142), the Laguerrd-DTD formulation for the electric flux
densityO in the Debye media can be calculated recursively without storing all previous

solutions.

7.4.2 Lorentz model

The lbrentz model is another commonly used mathematical model to account for the

dispersionTheNth-order Lorentz dispersion model is given by

8] .
i ) L - R 14
1 1 ¢Qr (143

78



where® is the pole amplitude, is the pole location, arid is the damping factor. For
simplicity, the case witlh  p is discussed in thisection The frequencylomain susceptibility

functionfor the Lorentz modak

) 5
- - _ h 14
1 1 ¢ 97 (149

where®is the pole amplitude, is the pole location, arid is the damping factor. The

susceptibility in the time domain is obtainedm (144) as follows:

1T

Introducingcomplex numberg145 can berewritten as

Q OElT1] 1 7Yos (145

P Yo 8 (146)

where) [t represents the imaginary part of a complex number.

Transforming(146) to the Laguerre domain, we have

)y TR h (147
where
- - D C .
— h 14
1 1 ¢l Q 1 i 49
G ~QW 1 l 8 (149
¢l Q 1 i

Equation(147) has thesame formas(135 with different constants which are coraplnumbers.

Therefore, similato the Debye model, the electric flux denslyin the Lorentz media also can
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be calculated recursively as follew

0O --0 -)idh (150

where
Jd ndd | O O Horn>0, (151
d | 08 (152

7.5 Numerical Resuls

The poposed formulation is applied ten example containing a&imple microstrip
transmission lineas shown inFigure47. Two ports are definedt both ends of the microstrip
line whose length is 96mwith conductor width and thickness ofrinand 10um respectively
Dielectricthickness is 20@m The substte material is FR and it is assumed to be dispersive
and modeledusing a 1% order Debye model. Parameters fbe Debye model ardi=4.301,

$=4.096,andF2.29440"'s[39].

PEC Boundary
—_— > 1
'¢ vaccum 90mm i
[ |

Figure4?. Teststructure: Microstrip transmission line.

Thin conductorthicknessresuts in very long simulation mie of 11 hours using FDTD
because othe small time step size of 33, which comes from CFL limit determined by the
smallest mesh size ofrimx 1 mmx 10 us However, Laguerr-DTD could be used to solve

the same structure in 8 minutes on the same computens exampleLaguerreFDTD showed
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80x speedup over FDTD The simulated timelomain waveforms ahe electridield at the ports
show very googgreement between FDTD and Lagudfi&TD, as shown ifrigure48.

Contrary to 1.3GB of memory consumption when the general Lage®T® formulation
for dispersions used, theustomized Debye formulatiamonsumes 730MB as shownTable?2.

Table2. Memoly consumption of general ardstomize formulation for Debye model

Memory Consumption

Generaformulation 1.3GB

Customizedormulation
730MB
for Debye model

To see the effeadf materiaés dispersioron the transient respondbe same structure has
been simulated withouhe frequencydependent dispersive material property usirfiggguency
independenpermittivity of 4.301 with no lossFigure 49 shows the time&lomain waveform

variationas the material property changes from dispersive tedispersive.
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Figure49. Comparison betweesimulated timedomain waveforms with dispersive and non
dispersive FR4 model
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7.6 Summary

A LaguerreFDTD formulation for frequencgependent dispersive materidiss been
presentedand has been improved in terms of memory efficiency for Debye and Lorentz media.
Enabling recursive calculation of the electric flaensity, the prop@sl formulationavoids
storing all previous solutions which leads sgnificanty reducedmemory consumption. The
proposed formuition has been verified using a test example. Simulation results show that
LaguerreFDTD with the proposed formulation solves the example structure with dispersive
material properties more efficiently than the general Lagtl€D dispersion formulation in

tems of memorywhile maintaining the accuracy
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CHAPTER VIII
TEST CASES

To increase D integration density, TSV interconnections are emerging as major
interconnection element¥hroughfabricaton in silicon substrateTSV interconnectionseduce
interconnection pitcltompared to bonding wiregn addition, the direct vertical connection by
TSVs shortens electriclngth, especially for communication between stacked chips. With these
features,the use of TSV interconnections can be extended to various integratedsigral
system designs.

However, full-wave analysisof the TSV interconnections is challenging. The challenge
comesfrom thin oxide region around relativellgick and long conductor dhe TSV. Due tothe
CFL conditionand thin oxide thicknesthetime gep in the conventional FDTD method needs to
be very small luen a given structure containESV. LaguerreFDTD has an advantage in the
simulation of such multiscale structures. Using the improvemdntaguerreFDTD made in
this thesis, @ multiscale structures containing TS¥an be solved efficiently and accurately, as
shown in the followingsections In addition,norrmultiscale structures have also be@mulated
and correlated witimeasurementAll simulations in this chaptdrave been done on a édit

machine witha 12 core Intel Xeon CPU and 48 GB RAM.

8.1 TSV Array

Usually, TSV interconnections are fabricated as an arrag silicon carrier and stacked
vertically to construct aystemin-package $iP). Thereforea TSV array is a basic structure in
3-D integrated systemand needs to be wednalyzed In this sectiona 3-by-3 TSV array is
analyzedin the frequencydomainto computeS parametersising the LaguerrfDTD method

and the problenhas beerextended toa 5-by-5 arrayto show scalability Comparison of the
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simulation resultof the 3-by-3 TSV arraywith results from a commercial solver shows good

correlation, whiclconfirmsthe accuracy of the LaguerRDTD.

8.1.1 3-by-3 TSV Array

The firsttest case is a-By-3 TSV array.A singlelayered3-by-3 TSV array issmbedded
into a silicon substrate with dielectric constant and conductivity of 11.9 and 10 S/m, respectively.
TSV6E copperdiameter is 3umwith oxide thickness of 0.tm TSVé& lengthis 100um TSVs
are separateftom adjacent TSVbey 30umin the array asshownin Figure50. The TSV array
structure is enclosed ®PEC boundaryl8 ports are defined between #heks of eachTSV and
the closest PEC boundargs shown inFigure 51. From TSWs oxide thickness of 0.am to
TSV& length of 10Qum, the scale difference i4:1000. The structure is discretized @4 x
104 x 15 =162,240cellsas shown irFigure51. The @ll dimensionvaries from 0.lumto 5um
in thex and y directios. The @Il dimension inthe z direction is fixedat 20 um TSV&s circular
crosssection is discretized int®4 x 24 cellsusing arectangular meslas shown irFigure52. S

parameters are calculated from a set of #tlamain simulationgor 20 ns usingthe Laguerre

FDTD method
______ BEC boundary PEC boundary,
[ 30um : r _____________ :
| 3040 O | 100um | ap |
I |
30u |
|
I O O | 100um
I |
I |
| | . |
1 A
, O O O | 100umj .
|

Figure50. 3-by-3 TSV array (left: top view, right: side crossectional view)
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ny = 104 ~ -
. ~ ”
dx: 0.1um®™5um q“'\l P

Figure51. Ports definition oiTSV array

oN®

Figure52. Discretization of circular crossection of TSV.

Some ofthe calculated S parameters using Lagu€ETD are plotted with S parameters
calculated using a commercial sol\Jéd] in Figure53. Excellent correlation is shown between

the LaguerrdsDTD and the commercial solver iRigure 53. For calculation of 18ort S
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parameters, 18 timéomain simulations are requiredith a separatsource currenéxcitedat

each of the 18 ports. For each tiragomain simulation it takes 19 minutes to finish the

simulation using only one core tfie multicoreCPU and amemory consumption of 4.8 GB.

Therefore, total 1& 19 = 342 minutes are required to perform frequethmyain analysis. On

the otherhand,the commercial solveconsumd 260 minutes and 3.5 GB of memory to calculate

the 18port S parameters ugjriour cores.

18 timedomain simulatioausing Laguere-FDTD are independermif each other. Therefore,

they can be parallelized utilizing multicore CPU. If the Lagu&ldD simulations are

optimally parallelized, CPU time of 342 minutes using one corebmreduced to 85.5 minutes

using 4 cores.

POC -3y =

(d&)

204

254 &

30

354

40

45

50

S1_1 by L-FDTD

S1_1 by commercial solver

$2_5 by commercial solver
$2_5 by L-FDTD

$1_13 by commercial solver
$1_13 by L-FDTD

0

Sonnet Software g

T T T T T T T T T
Se+008 1e+009 15¢+009 2e+009 25e+009 3e+00% 3.5e+009 4e+009 4.5¢+009 Se+009

Frequency (Hz)

Figure53. Calculated S parametayt3-by-3 TSV array

8.1.2 5-by-5 TSV Array

The TSV array structure in the previous subsection is extendad-twy-5 TSV array as

shown inFigure 54. The bp view andthe crosssectional view are similar to the previous
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examplés top and crossectional views shown ifigure 50. Dimensions of thestructureare
similar to the previous-By-3 TSV array example. TS¥ copper diameteand length ar80 um
and 100um, respectively Oxide thicknes®f the TSV is 0.1 um Distance between adjacent
TSVs is 30um The structure is enclosed lyPEC boundaryThe structure is discretized into
164 x 164 x 15 = 403,440 cells as shownhkigure54. The Circular TS\Vgeometryis discretized
into 24 x 24 cells similar to the previoust8-3 TSV array exampleas shown irFigure52. 50
portsweredefined at each end tie TSV, as shown irFigure54.
nx = 104 P S
S,

dy: 0.lum™5um~
331um”
-

”
”
fF< ~
~ ~
| ~
. A
| g .
1300um
I",ZG I nz=15
"'\ dz: 20 um
N 50 o |
z ~
-~
”
”

nx =104
. ~ ~
dx: 0.1um™5um ~

Figure54. 5-by-5 TSV array

Figure 55 shows calculated S parameters. Bur calculation of50-port S parameters, 50
time-domain simulations are requiréal excite all 50 portdt takes 90 minuteand 10.5 GBo
perform one timalomain simulation. Therefore, 3090 = 4500 minutes are requiremperform

all 50 timedomain simulationsHowever, using the symmetry of the structure, onliinte-
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domain simulations can represent 50 tidoenain simulationsas shown inFigure 56. Time-
domain simulations wittexcited TSVs marked bythe same number can be reduced to one
representative timdomainsimulation For example, from the structd@esymmety, S11_1 is
the same aS3_1, S3 5, S15 {11 21, S23 21, S23_2&nd S15 25Therefore, timalomain
simulations witha current source at Port 5, 21, and 25 can be derived from adtmain

simulation with current source at Port 1 byorelering ports.

T RN S

-FDT

T ST I

T T TR
S1_1 by

$2_5 by L-FDTD

PocC~—3Qan

(dB)

70,

a 124008 2e+009 304003 4e+009 5e+008 Be+l09 Te+009 Be+l09 9e+009 1e+010 1.1e+010

cnnet Software Inc Frequency (Hz)

Figure55. Calculated S parameters eb%-5 TSV array.
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Figure56. Categorization of TSVs in-by-5 TSV array usingymmetry

Unfortunately,the commercial solvef41] was not able to solve the-By-5 TSV array
example on the machine with 48 GB RAMecause ofinsufficient memory Therefore,
comparisonof the calculated S parameters using LaguEB®a&D with the @mmercial solver

was not possible

8.2 TSV-TSV Coupling

TSV noise oupling is expected tbe a major concern for 30C system designVith TSV
coupled noise, the system norgdiability decreases, RF sensitivity decreases, and the bit error
rate (BER) ofa high-speed signal increase¥o protect sensitive active circuifsom TSV
couplingnoise, it is important to estimate the noise transfer function bettieenS\5. In [42],

a test vehicldor TSV-TSV coupling has been fabricated and coupling between TSVs has been
measured ithetime domain. In this section, the test vehicle for FE8V coupling is analyzed
using the Laguerrf&€DTD and compared with the measurement dafd2h, which ensures the

accuracy of the LaguerfeDTD method foithis example.
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Figure57illustrates the structure of the TSASV couplingtest vehicleConductor material
for TSV and RDL is copper whose conductivity i€%7 S/m. Oxide thickness tiie TSV is
0.52umwhile the diameter ofthe TSV conductor is 38im The structure is enclosed ByPEC
boundary with 100um margin between the structure and boundary in each dirextidhe
LaguerreFDTD simulation The structure is discretized into %494 x 19 = 167,884cells as
shown inFigure58. Similar tothe TSV array casegshecircular TSV crosssection is discretized

into 24 x 24 cells as shown irFigure52.

p 95 um _ . 140um.
65 -‘-? “ — P4 A
_____ 1-- 7 referenceground x 7 7
l,r VA A Z 5.7 um
oumf PEITS=]  10un DM gl ¢
|76‘.., L
ILD/IMD
l (e,=4.1, 6=05/m)
— 100 um
0.25 umT signal g;(;t\llld signal g;(;t\'/"d N
TSV1 TSV2
silicon substrate
(£,=11.9, 0=10 $/m) + field-implantation
¥ (£,=4.1, 6=1500 S/m)
f——— S N S
/550 um
— A I A

Figure57. TSV-TSV coupling test vehicle
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Figure58. Meshing of test vehicle.

A rectangular cloclsignal,which switches between 0 and 1 V with a rising/falltmge of
40 ps and source resistance of 30, i s i nlPod & tThe dneasunetnents have been
performed with thesource aPort 1with clock frequency of 100 MHz and 10 GHz.

LaguerreFDTD simulation of the structuretook 24 minutes and5.3 GB of RAM. S
parametes werecalculatedfrom the Laguerrd-DTD simulation.Since a voltage source with
source impedance is not implemeniedhe LaguerreFDTD code transient responseould not
be directly calaulatedusing the Laguerr€DTD. Therefore, S parameters of the structwese
extracted using the Lagueff®TD. 4 ports are defined in the S parameter calculation between
each TS\s end and PEC boundariransient responsegere calculatedn ADS [43] using the
extracted 4port S parametersas shown inFigure 59 and Figure 60. Calculated transient
responses at Port 2 for claskfrequency of 100 MHz and 10 GHeeashown inFigure 61.

Compared to the measured data, results using LageBif® show good correlation.
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Cartesian Plot
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Figure59. Calculated S parameters
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Figure60. Simulation setup in ADS.
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Figure61. Coupled noisat Port 2(left: 200 MHz clock, right: 1 GHz clock)

8.3 Microstrip Line with Return Path Discontinuity

Microstrip lines arekey components to transmit high speed signalglectonic systems.
Therefore, the propagation characteristics of the microstrip line structures need to be carefully
studied and investigated=or modeito-hardware correlation, microstrip line structures are
fabricated, measured, and compared with the Lag#®7éD simulation. Since dielectric
material is not ideal, accurate modeling of dielectric matsridispersion is essential to obtain
good correlation to measuremgnt

In this section, three microstripnk structures are simulated and compared with the
measuremest This structurés physical dimensions are not small enough for LagtlIDED to
show the advantage in the simulattime over theconventionalFDTD method. Therefordghe
main purpose of theest cases in this section is to show mddéiardware correlation and prove

the accuracyf modeling using the LaguerfeDTD method.
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8.3.1 Simple Microstrip Line

Figure 62 and Figure 63 show the crossectional side view and top view of the test case,
respectively. Thetructure has 4 metal layers. Thecrostrip transmission line i®catedon the
top layer while the second layer is solid ground planeThe delectric material is FRl whose
relative dielectric constant is 4.5nd loss tangent is 0.025he onductor mateal is copper
whose conductivity is 5.69e7 S/@BSG500 microprolsehavebeen useth the measurement

In the Laguerrd=DTD simulation, the structure is surroundedddyEC boundary witta 5
mmmargin between the structure and the boundary in each direatid is discretized into 29
79 x 23 = 52,693 cedl, as shown irFigure64. The smallest anthe largest mesh sizes lateral
directionare 0.17mm and 1.5 mm respectively.The <ale difference isl:3200 (from 30 um
conductor thickness to 95rBmtransmission lindength. Ports are defined at both ends of the

transmission line.

Figure62. Side cosssectional view ofmicrostrip line test case.
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