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Summary

The trend to mobility and miniaturization in communication, computing
and medicine is clearly heading toward a fusion of these subsystems in per-
vasive computing - interconnected intelligent subsystems providing numer-
ous services embedded within human surrounding environments - a vision
rapidly becoming reality within everyday life. Additional increasing con-
sumer demand for attractive performance/price ratios as well as interna-
tional mandatory safety guidelines addressing radio-frequency (RF) related
possible health effects confront engineers with the development of highly
efficient devices.

The exponential growth of computational power within recent decades
has established a significant position for numerical simulation techniques,
efficiently supporting product research and development (R&D) processes.
The Finite-Difference Time-Domain (FDTD) method in particular has been
chosen by many research institutions as the leading technique due to its
general applicability.

Although activities in this area had a late start at ETH Zurich, the
project EMSIM conducted within the Swiss research priority program MI-
NAST as well as the currently running project SEMCAD++ supported by
the Swiss Commission for Technology and Innovation (KTI) enabled IIS and
IT’IS together with two local industry partners to form a widely recognized
competence center in EM simulation methodology and near-field analysis
within only a few years. Some of my research and development work con-
ducted as a team member for these projects is condensed within this thesis.

The objectives of my thesis were derived from the obvious major draw-
backs of the current implementations of FDTD. These are restricted spatial
resolution and poorly realized computer aided design (CAD) environments,
in addition to unknown uncertainties in the computation results obtained
by the method. The development of novel robust FDTD local grid refine-
ment schemes combined with and integrated into user-friendly electromag-
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netic (EM) simulation environments became the main focus of this research
work, whereby my colleagues concentrated more on algorithms improving
the FDTD method’s accuracy.

Part I of this thesis is attributed toward providing the scientific and
theoretical background which underlies the numerical algorithms developed
within the framework of this thesis. In chapter 3, a special focus is as-
signed to investigations related to the limitations of the FDTD method
with respect to spatial grid resolution, i.e., staircasing errors. Conclusions
reveal the significant contribution of errors caused by stair-stepped perfectly
electric conductors (PEC) over dielectric material. Furthermore, the type
of polarization applied to EM excitation and incidence on a PEC scatterer
plays a major role, leading to large global effects in the entire computational
domain, e.g., due to virtually excited non-physical EM waves. Chapter 4
provides a review of schemes proposed for improving the spatial resolution
in the FDTD method. Particular attention is thereby drawn to methods
which are related to this thesis, i.e., subcell and subgrid techniques.

The development of two novel algorithms for FDTD local grid refinement
is documented in the second part of this thesis. Both methods have been cho-
sen for development and implementation based on the findings from the liter-
ature survey. In chapter 5, a novel 3-D subcell technique is presented which
enables improved representation of grid non-conformally aligned transmit-
ter structures, further enhanced by a new source model adapted to such
configurations. Whereas the literature heavily discusses scattering problems
from mainly 2-D objects, a study dealing with subcell modeled active an-
tenna structures had not been addressed thus far. A number of examples
demonstrate the capabilities of the technique, benchmarked against stair-
cased examples and validated by experimental data from the DASY4 near-
field scanning system. In the appendix of the chapter, an extension of the
method to dielectric structures is briefly discussed.

Chapter 6 presents a novel 3-D subgrid algorithm based on enhanced
spatial interpolation as well as a new temporal scheme especially devel-
oped for this kind of multi-grid technique. Compared to existing algorithms
it provides superior performance with respect to refinement by grid nest-
ing, low reflections, robustness and general applicability, in particular when
embedded within the SEMCAD solid modeling and automated grid gener-
ation environment. A rigorous validation of the scheme was carried out on
the basis of benchmark examples with increasing modeling complexity, con-
tinuously cross-validated against highly resolved FDTD reference solutions,
other numerical methods as well as measurements by examination of param-
eters from the near- and far-field, leading to excellent agreement between
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the applied assessment techniques.

In the third part, the subgridding scheme - since already implemented
into the SEMCAD simulation environment - is applied for the analysis of a
broad variety of highly non-homogeneous near-field configurations related to
mobile communications. Chapter 7 presents multiple examples of antenna
simulations, namely helical antennas, which have often been poorly repre-
sented in previous studies. The novel techniques enable the detailed model-
ing of such structures and demonstrate the clear necessity of an appropriate
spatial resolution to achieve improved accuracy for sensitive near-field pa-
rameters such as the feedpoint impedance. Furthermore, the definite advan-
tages of local refinement techniques for reduced computational requirements
are shown. All obtained results are benchmarked against experimental data.

The objective of Chapter 8 was to demonstrate that these improvements
enable the easy and efficient application of FDTD beyond generic setups,
e.g., metal boxes with wire antennas. For this reason, one of the latest com-
mercial multi-mode handsets was throughly electromagnetically analyzed
based on the electro-mechanical CAD file of the phone. The performance
was analyzed in free-space as well as in the vicinity of various biological
scatterers. All data was compared to measurements obtained by the DASY4
near-field scanner. The simulations could accurately predict all performance
parameters, even the smallest changes in the grounding of elements. To
our knowledge, this was the most detailed analysis of a real-world handset
scenario ever conducted and clearly demonstrated the power of the imple-
mentation for industrial R&D departments, especially since the simulation
could be completed within a few days.

Readers should note that this thesis consists of independent journal pa-
pers, resulting in unavoidable repetitions, mainly in the introductory sec-
tions of the chapters. Furthermore, a large amount of coding conducted in
the framework of this thesis is not documented here. This became necessary
to prepare the SEMCAD platform for implementation of these algorithms
and their resulting visualizations.
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Zusammenfassung

In den Bereichen Kommunikation, EDV sowie Medizin ist eine deutliche Ten-
denz hinsichtlich Mobilitdt und Miniaturisierung feststelibar, was schliesslich
zur Verschmelzung der einzelnen Untersysteme fiihren wird. Die Vision des
Pervasive Computing - intelligente, in unsere Umgebung eingebettete und
miteinander verbundene Untersysteme, welche eine Vielzahl unterschiedlich-
er Dienste anbieten - werden schnell zum wesentlichen Bestandteil des Allt-
ags. Die zudem stetig steigende Nachfrage nach ansprechendem Preis/Leis-
tungs Verhiltnis sowie internationale Richtlinien hinsichtlich méglicher Ge-
sundheitsrisiken im Zusammenhang mit Mobilfunk erfordern die Entwick-
lung immer effizienterer Geréte.

Aufgrund des exponentiellen Wachstums der Leistungsféhigkeit von Com-
putersystemen innerhalb der letzten Jahrzehnte etablierten sich numerische
Simulationsmethoden im Forschungs- und Entwicklungsbereich neuer Pro-
dukte. Besonders die Finite-Differenzen Methode im Zeitbereich (FDTD)
wird aufgrund ihrer allgemeinen Anwendbarkeit innerhalb vieler Forschungs-
einrichtungen eingesetzt.

Obgleich diesbeziigliche Forschungsaktivitdten im Umfeld der ETH Zii-
rich erst innerhalb der letzten Jahre eine Intensivierung erfuhren, etablierten
sich die der ETH angegliederten Institutionen IIS und IT’IS in Zusamme-
narbeit mit zwei schweizer Industriepartnern innerhalb weniger Jahre zu
einem angesehenen Kompetenz-Zentrum im Bereich der elektromagnetis-
chen (EM) Simulations- und Nahfeld-Messtechnik. Dies wurde insbeson-
dere im Rahmen des schweizerischen Schwerpunktprogramms MINAST EM-
SIM und dem momentan durchgefiihrten Projekt SEMCAD++ erméglicht,
welches von der Kommission fiir Technologie und Innovation (KTI) finanziell
unterstiitzt wird. Ein Teil meiner Forschungs- und Entwicklungstétigkeit
welcher in diese Arbeit eingebettet ist, wurde im Rahmen der erwéhnten
Projekte durchgefiihrt.

Die Zielsetzung meiner Doktorarbeit griindet auf den Hauptnachteilen
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der FDTD Methode, welche sich gegenwértig in den meisten kommerziellen
sowie forschungsbedingten Implementationen wiederfinden: eine durch die
herkémmliche Methode vorgegebene eingeschrénkte rdumliche Auflésung
des Modells sowie bloss ungeniigend ausgearbeitete computergestiitzte De-
sign (CAD) Programme. Zudem beeinflusst eine Vielzahl von nur spérlich
erforschten, durch die Methode vorgegebenen Unsicherheiten, die Genau-
igkeit der berechneten Resultate. Aufgrund dieser Vorgaben konzentri-
erte sich die hier vorgestellte Forschungsarbeit hauptséchlich auf die En-
twicklung von neuartigen und robusten Methoden zur lokalen Verfeinerung
der réumlichen Aufldsung und deren Integration in benutzerfreundliche auf
graphische Eingabe basierte EM Simulationsprogramme. Die Arbeit meiner
Kollegen konzentrierte sich stirker auf die Entwicklung von Algorithmen
zur spezifischen Verbesserung der allgemeinen Genauigkeit in der FDTD
Methode.

Der erste Teil der hier vorgestellten Arbeit beschaftigt sich mit den wis-
senschaftlichen und theoretischen Grundlagen auf welchen die im Rahmen
dieser Dissertation entwickelten numerischen Algorithmen aufbauen. Der
Schwerpunkt des dritten Kapitels liegt in der Untersuchung der durch die
FDTD-Methode vorgegebenen Einschrankungen hinsichtlich réumlicher Git-
teraufldsung, den sogenannten Staircasing-Fehlern. Zusammenfassend ist
ein deutlich iiberwiegender Einfluss des auftretenden Fehlers aufgrund von
diskretisierten metallischen Strukturen im Vergleich zu dielektrischen Ma-
terialien feststellbar. Desweiteren zeigt die Art der Polarisierung einer elek-
tromagnetischen Welle in Bezug zum Einfall auf ein metallisches Objekt
eine grosse Wirkung auf bestimmte, sich im ganzen Rechenbereich mani-
festierende Fehler, z.B. durch virtuelle, aufgrund des Staircasings erzeugte
EM Moden. Kapitel 4 fasst verschiedene numerische Algortihmen zur Ver-
besserung der lokalen raumlichen Auflésung in der FDTD Methode zusam-
men, wobei den Algorithmen, welche in direktem Zusammenhang mit dieser
Dissertation stehen, vertieftes Augenmerk zukommt. Dies sind insbesondere
Subgitter- und Subzellen-Methoden.

Die Entwicklung zweier neuartiger Algorithmen zur Verbesserung der
lokalen raumlichen Auflésung in FDTD ist im zweiten Teil dieser Arbeit
beschrieben. Anhand der in Kapitel 4 durchgefithrten umfangreichen Lit-
eraturstudie erfolgte die Wahl zur Entwicklung und Implementierung de-
rartiger Algorithmen auf Subgitter und Subzellen Methoden. Kapitel 5
beinhaltet die Herleitung eines neuen dreidimensionalen (3-D) Subzellen-
Algorithmus, welcher eine genauere Simulation von Antennenstrukturen er-
laubt, deren Geometrie nicht dem FDTD Gitter entsprechend orientiert ist.
Um eine an diese Struktur angepasste Anregung zu realisieren, wurde zu-
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dem ein neuartiges, verbessertes Quellenmodell entwickelt und implemen-
tiert. Zwar werden - im Allgemeinen zweidimensionale - Streuprobleme aus-
giebig in der einschligigen Literatur untersucht, jedoch wurden bisher keine
Studien {iber Subzellenmodelle aktiver Antennen durchgefiihrt. Die neu en-
twickelten Methoden wurden schlussendlich an einer Vielzahl von Beispielen
validiert und mit experimentellen Daten des DASY4 Nahfeld-Messsystems
verglichen, wobei die deutliche Uberlegenheit dieses Ansatzes gegeniiber
herkommlicher Staircase-Modellierung gezeigt werden konnte. Im Anhang
des 4. Kapitels findet sich in zusammengefasster Form eine Erweiterung der
vorgestellten Methode, angewendet auf dielektrische Strukturen.

In Kapitel 6 wird ein neuartiger dreidimensionaler Subgitter Algorith-
mus vorgestellt. Die verwendete Methode basiert auf einer verbesserten
réumlichen sowie einer neu entwickelten, speziell auf derartige Gitterkonfig-
urationen zugeschnittenen zeitlichen Interpolation. Im Vergleich mit beste-
henden Losungsansitzen bietet die hier beschriebene Methode aufgrund ver-
schiedener Eigenschaften eine deutlich verbesserte Leistungsféhigkeit. Dies
beinhaltet unter anderem die Moglichkeit, Gitter zu verschachteln, niedrige
Reflexionen am Gitteriibergang sowie eine hohe Stabilitét und generelle An-
wendbarkeit. Eingebettet in die SEMCAD Modellierungsumgebung welche
mit einer automatischen Gittererzeugung ausgestattet ist, werden die Vor-
ziige der Methode unterstrichen. Unter Zuhilfenahme von verschiedenen
Beispielen, welche sich durch eine stetig zunehmende Komplexitét unter-
scheiden, konnte eine umfangreiche Validierung des Algorithmus durchgefiihrt
werden. Hierbei wurden elektromagnetische Nah- und Fernfeld-Grossen
mit Referenzwerten aus hochaufgelésten Simulationen, anderen numerischen
Methoden sowie Messdaten verglichen.

Im dritten Teil dieser Dissertation findet der Subgitter Algorithmus - da
er bereits im SEMCAD Simulationsprogramm implementiert war - Anwen-
dung auf die Nah- und Fernfeld Analyse einer Vielzahl von rdumlich stark
inhomogenen Simulationsbeispielen aus dem Bereich der Mobilkommunika-
tion. Kapitel 7 konzentriert sich auf die Simulation von Antennenstrukturen,
insbesondere von Helixantennen, welche in zahlreichen vorhergehenden Stu-
dien unzureichend simuliert wurden. Die Verwendung der hier vorgestell-
ten Algorithmen erméglicht die detaillierte Modellierung derartiger Geome-
trien und zeigt anhand unterschiedlicher Resultate die klare Notwendigkeit
einer raumlich geniigend feinen Aufldsung in FDTD Simulationen. Dies gilt
im Speziellen fiir die genaue Berechnung sensitiver Parameter wie z.B. der
Fusspunktimpedanz. Insbesondere die durch Verwendung réumlich lokaler
Verfeinerungsmechanismen erzielte drastische Reduktion bendtigter Com-
puterressourcen wird anhand zweier Beispiele aufgezeigt. Sdmtliche Simu-
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lationsresultate wurden zudem mit Messdaten validiert.

Das Ziel des achten Kapitels war zu zeigen, dass die neu entwickelten
Algorithmen den Anwendungsbereich von FDTD auf einfache und effiziente
Weise iiber einfache Beispiele, z.B. metallische Quader mit Drahtantennen,
hinaus erweitern. Hierzu wurde, basierend auf dem CAD Datensatz eines
der neusten handelsiiblichen Multiband-Mobiltelefone, eine griindliche elek-
tromagnetische Analyse durchgefiihrt. Diese erfolgte im Freiraum sowie in
der unmittelbaren Umgebung verschiedener biologischer Streuobjekte, wobei
die erhaltenen Simulationsresultate mit Messdaten des DASY4 Nahfeld-
Messsystems verglichen wurden. Es gelang, mit Hilfe der Simulation jegliches
EM Feldverhalten vorauszuberechnen, sogar Effekte die von kleinen Ver-
anderungen der Masseverbindung einzelner Elemente herriihrten. Unserer
Kenntnis nach handelt es sich bei dieser Studie um die bisher detaillierteste
Untersuchung eines realen Mobiltelefons. Besonders aufgrund der relativ
problemlosen und schnellen Modellierung und Simulation innerhalb weniger
Tage konnte die Leistungsfahigkeit der im Rahmen dieser Arbeit entwickel-
ten Ansétze und deren Anwendung im Forschungs- und Entwicklungsbereich
aufgezeigt werden.

Der Leser sei darauf aufmerksam gemacht, dass die hier vorgestellte Dok-
torarbeit aus einigen voneinander unabhéngigen Verdffentlichungen zusam-
mengesetzt ist. Dies fiihrt hauptséchlich innerhalb der die Kapitel einleiten-
den Abschnitten zu unvermeidbaren Wiederholungen. Einen wesentlichen
Teil dieser Dissertation nahm zudem die Entwicklung und Implementierung
von Algorithmen zur Simulation und anschliessenden Visualisierung im Rah-
men des SEMCAD++ Projekts in Anspruch, die nicht weiter in der vor-
liegenden Arbeit dokumentiert sind.
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Chapter 1

Motivation and Objectives

Recent decades have shown tremendous growth within the sector of mo-
bile telecommunications equipment (MTE). Consumer demands for excel-
lent product quality combined with low pricing have resulted in rigorous
competition which heavily reduces product life cycles and hence the device
development cycles. A definite trend is emerging within the continuous
expansion of MTE applications toward pervasive computing, i.e., whole en-
vironments saturated with computing and wireless communication as well
as in/on-body-mounted electro-medical devices. Recently introduced re-
quirements, such as mandatory safety guidelines defined by international
regulatory agencies are being followed by increasing public concern about
possible adverse health effects from radio-frequency (RF) exposure.

RF engineers are therefore challenged to produce more and more effi-
cient devices, revealing a clear demand for new analysis and optimization
tools. As a complement to experimental instrumentation, the use of tech-
nical computer aided design (TCAD) has gained increasing interest, mainly
due to rapidly increasing computational power. Particularly the Finite-
Difference Time-Domain (FDTD) technique has gained high popularity for
the simulation of electromagnetic (EM) problems, due to its straightforward
explicit approach and the ability to compute largely non-homogeneous envi-
ronments. However, applications to real-world engineering needs are often
restrained by limited FDTD grid resolution and poorly implemented graph-
ical user interfaces. Furthermore, most of the present local grid refinement
algorithms have suffered from major restraints with respect to general ap-
plicability and robustness.




Right at the beginning of this thesis in 1998 the outcome of the EM-
SIM project within the MINAST Swiss Priority Program merged into two
awakening commercial EM simulation products, EMLAB and SEMCAD.
The level of FDTD model complexity was already rather enhanced at that
time with respect to non-homogeneous biological bodies; however, applied
antenna configurations consisted mainly of simple structures like monopoles,
PEC boxes or crudely modeled helices. Furthermore, biological and trans-
mitter structures were only available in a voxel-based format, which clearly
called for a 3-D CAD based model design environment combined with au-
tomated grid generation supporting enhanced FDTD modeling capabilities.

The objectives of this thesis were the development and analysis of novel
generally applicable and robust FDTD local refinement techniques and their
integration into the continuously developed 3-D TCAD environment SEM-
CAD. The investigations to achieve these demands consisted of the following
parts:

o Analysis of the FDTD method itself as well as investigating the method
inherent errors with respect to spatial resolution. This included a
major review of studies reporting on staircasing, i.e., focusing on the
influence of different simulation parameters on local and global errors.

e Provision of a review of existing methods for local grid refinement
in the FDTD method based on the latest literature concentrating on
schemes related to issues addressed within this thesis, namely subcell
and subgridding techniques.

o Development of novel FDTD local grid refinement algorithms with
strongly improved behavior and extended capabilities than existing
ones, e.g., reduction of stability problems, enhanced accuracy and ro-
bustness as well as generalized applicability and adaptation to three
dimensions.

o Rigorous analysis and benchmarking of the novel algorithms against
straightforward FDTD modeling and existing approaches with respect
to accuracy, stability considerations, efficiency and applicability. More-
over the methods were benchmarked against numerous examples pro-
viding measured data using the latest experimental tools.

e Major participation in the implementation of the EM simulation en-
vironment SEMCAD within the framework of the KTI funded project
SEMCAD++. The deadlines defined by the project were adhered in




order to provide a rigorous EM simulation platform as the basis for all
conducted applications within this thesis.

Integration of the novel methods into the SEMCAD FDTD kernel.
Moreover, the schemes were smoothly embedded into and combined
with the automated grid and mesh generation structure of the code to
enable its unrestricted usage. Even though enormously time intensive,
the implementation and code generation part was only briefly outlined.

Characterization of the developed algorithms’ performance by appli-
cation to various electromagnetic problems and studies in the field of
mobile communications and antenna analysis. In addition to com-
mon antenna examples, the novel techniques enabled the modeling of
complex real-world transmitter systems.

Analysis of the possible influence of geometrical detail intensity on the
behavior of FDTD simulation by application of the novel techniques.
This extended the research on staircasing errors to general recommen-
dations for FDTD modeling with an appropriate spatial resolution.

Within the epilogue at the end of this thesis all achievements as well as
open issues were summarized. Furthermore, ongoing/followed projects
are discussed and possible future applications/visions of the developed
enhanced FDTD modeling techniques are outlined.







Chapter 2

The Finite-Difference
Time-Domain Technique

Abstract In this chapter the numerical scheme which underlies the
algorithms developed within this thesis is outlined, whereby the
basic theoretical background needed in the following chapters is
examined and discussed. In addition, a concentrated specification
of the most appropriate references which are related to the method
is performed. Furthermore, the FDTD based simulation platform
SEMCAD, the implementation of which is strongly related to this
thesis, is briefly outlined.

2.1 The FDTD Method Applied to Electromag-
netics

2.1.1 Introduction

The Finite-Difference Time-Domain (FDTD) method is based on a spatial
and temporal discretization of Maxwell’s equations, commonly within a rec-
tilinear cartesian grid originally proposed by Yee in 1966 [1]. Within the last
two decades it gained rapidly increasing interest, mainly in electromagnetics
(EM), for the simulation of complex and largely inhomogeneous structures
due to its straightforward and explicit approach, resulting in various books
providing theoretical and application oriented insights (2, 3, 4, 5, 6]. As de-
picted in figure 2.1, mainly in the late 90s but still today a huge number of
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studies related to FDTD have been published (1999-2001: counts not com-
plete), leading to about 4500 scientific papers total [7]. The exponentially
increasing availability of computational power has made it the most popular
numerical method for a broad range of applications and has resulted in the
release of several public [8, 9, 10] and commercial FDTD based simulation
platforms [11] - [22].
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Figure 2.1: Number of FDTD related publications per year from 1965 up to
today (source: [7], 1999-2001: counts not complete).

2.1.2 Discretizing Maxwell’s Equations
By assuming a spatial environment without any electric or magnetic sources,
the relations

B=upl,D=¢cE, J,=pH, J.=0E (2.1)
enable a definition of the time dependent Maxwell’s curl equations in differ-
ential form as follows:

OH 1 - o
8E 1 - O =
E-—EVXH—EE (2.3)

where E and H indicate the electric and the magnetic field vectors, respec-
tively. The electric permittivity and magnetic susceptibility are specified by




€ and u, respectively, while o defines the electric conductivity. The expres-
sions J, and Jj,, are electric and an equivalent magnetic current which define
dielectic losses. p' indicates the corresponding magnetic conductivity.

The algorithm proposed by Yee is based on a description of the tem-
porarily coupled system as described in equations 2.2 and 2.3 on the basis
of a finite central difference approximation. Figure 2.2 depicts the position
of the electric (yellow) and magnetic (green) field components for each pri-
mary and secondary Yee cell, respectively, allocated within the staggered
cartesian grid. The fields are located in a way where each E component is
surrounded by four H components and vice versa, which leads to a spatially
coupled system of field circulations corresponding to the law of Faraday and
Ampere. Each three E- and H-field components are assigned to a node ¢, j, k
within the three dimensional (3-D) grid.

The discretization in time is performed in a leap frog manner by appli-
cation of a temporally shifted updating for E- and H-field components as
shown in figure 2.3. Thereby the electric components are calculated at incre-
menting time t = (n+1)At, (I =0,1,2,...) with respect to a globally defined
timestep At. The computation of the magnetic components is performed at
t=(n+1+3)At (1=0,1,2,..), ie., shifted by half a timestep.

The original FDTD formulation proposed by Yee was intended for ho-
mogeneous, isotropic and lossless media on a uniform grid by application of
a cartesian coordinate system. Achieving 2nd order accuracy using a 2nd
order finite differences approximation for the differential equations 2.2 and
2.3 leads to

du ., . u?+%,j,k _u?—%,j,k 9
o lisd,kym) = = +0 [(az)?] (2.4)
nt+i n—4i
ou,. . Us 2 — U, . 2
5 (i, kym) = SR 10 [(Ar)?] (2.5)

for time and space as shown for the x direction. The indices i, 7, k¥ indicate
integer values specifying a certain node in the spatial grid (figure 2.2) and
u™ any temporal dependent function at the time nAt, i.e., the electric or
magnetic field. O[(Ax)?] and O[(At)?] indicate the spatial and temporal
second order error terms.

The x component of the electric field within equation 2.3 is formulated
by application of central differences as follows:
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Figure 2.2: Primary and secondary cell within Yee grid representing E- and
H-field components in the discretized space. Each node i,j.k within the grid
represents three electric and magnetic field components located around a
volume element.
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By application of the semi-implicit approximation where it is assumed
that

et D oin
44 E:cin;\ - Er| j ke
E:c[?,]j _ 1,7, 2,7,

(2.7)

2
the algorithm can be expressed in a fully explicit form, i.e.. equation 2.6 is
written as
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Figure 2.3: Leap-frog scheme: temporal updating of electric and magnetic
field components using half a time step temporal separation.
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A detailed description of the entire updating equations for electric and mag-
netic field components is given in [3]. The formulation based on Maxwell’s
equations in integral form, i.e., the law of Faraday and Ampere, is discussed
within chapter 5. In time domain, the spatial and temporal updating scheme
of the associated Finite-Integration Technique (FIT) [23] is of the same na-
ture as the FDTD method, including stability and dispersion properties [3].

2.1.3 Stability

In order to guarantee numerical stability for the common FDTD approach,
the upper limit of the timestep At must be bounded by a criterion which
restricts an update cycle’s EM fields propagation from cell to cell being faster
than allowed by the phase velocity v, = 1/,/k€ within any material (e, u).
Initially reported in [24], a stability analysis based on eigenmodes of the 3-D
space was performed, while more recent publications apply a combination
of alternative methods [25]. The corresponding Courant-Friedrichs-Lewy
criterion for the general Yee grid defines stability as

At < min { ! } (2.9)

1 1 1
Up \/ZZmi’ + (Ay)? + (Az)?
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where Az, Ay and Az indicate the spatial cartesian grid increments. The
minimum (min{¢}) condition must include all cells within the entire com-
putational domain.

Although the common Yee method for non-dispersive, isotropic and loss-
less media is proven to be conditionally stable for algorithms introducing
conformal modeling and special treatment of grid interfaces as performed in
subcell and subgridding schemes, respectively, the derived stability criterion
is no longer valid [26], [27], [28]. In order to avoid numerical instabilities in
such modified schemes, the timestep At derived by the CFL criterion has
to be further reduced. The algorithms developed in the scope of this thesis
address stability issues within chapters 5 and 6, in sections 5.2.4 and 6.3.2.

2.1.4 Modeling of Boundaries

Contrary to boundary methods, the FDTD scheme requires the application
of Absorbing Boundaries (AB) in order to spatially limit the computational
domain. The common differential equations do not allow the determination
of the tangential field components located at the domain boundaries, since
this would require field information from outside the existing FDTD grid. A
number of methods, so called Absorbing Boundary Conditions (ABC), have
been proposed to reduce reflections from the computational boundaries, of
which a very early formulation is found in [29]. In general, ABCs are essen-
tially based on two principles: conditions imitating an absorbing material
or conditions based on plane wave solutions to the wave equation. Within
these methods the tangential electric field components have to be calculated
in a way absorbing the incident wave as effectively as possible.

ABC Based on Wave Equations: One-Way Wave Equations

A common boundary operator of the second type was proposed in [30] and
applied to the FDTD approach by Mur [31]. This boundary condition al-
lows attenuation for waves propagating in just one direction. The method
is commonly applied to plane wave excitations for a perpendicular angle
of incidence with respect to the domain boundary. The tangential E-field
components Em located at the most outer cell layer must satisfy the one
dimensional (1-D) wave equation in the normal direction, e.g., formulated
in first order approximation and for the cartesian y direction:

0 10\ 4
(a—y - E§> Etan =0 (2'10)
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By application of components from within the computational domain,
equation 2.10 can be discretized and expressed in a finite differential equation
of the form

vAt — A
Eptt = B 4 Az (Bptt - ) (2.11)

where Ej is the tangential E-fleld component located at the domain trun-
cation and E; indicates the colinear one shifted by Ay into the FDTD grid.
An extension to 2nd order, which additionally allows the partial absorption
of waves for a diagonal angle of incidence, is based on the same principle but
of increased complexity for derivation. A three-dimensional ABC scheme al-
lowing appropriate attenuation for EM plane wave excitation in arbitrary
directions was proposed in [32].

ABC Based on Absorbing Media - The PML Approach

Different from the one-way wave equations, Berenger proposes in [33] a
novel type of ABC leading to highly reduced reflections down to -80dB in
a broadband frequency range [3], [34]. The perfectly matched layer (PML)
approach is based on introducing an artificial multi-layered highly absorbing
medium located at the computational domain truncation. By matching
both electric and magnetic conductivity (oe,om) of the different layers a
minimum reflection can be forced which consequently absorbs an incident
wave within the multi-layered medium. The wave impedance for an artificial
lossy dielectric material

— 79m
v= ’-:_—;gﬁ— (2.12)
w

reduces to v/u/e and /oy, /0. by assumption of no losses and high losses,
respectively. Choosing u/e = op /0 leads to minimum reflection at the
intersection connecting both media. The original approach [33] applies &
splitting of each field component into two sub-components to which the
individually matched losses are assigned. The method’s common application
to open-domain dielectric non-lossy structures was extended to enable lossy
material traversing the domain truncation in [35].
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2.1.5 Implementation / Integration into Simulation Envi-
ronments

All research work which has been performed in the framework of this the-
sis was conducted in parallel with the development of the FDTD based
state-of-the-art EM simulation platform SEMCAD. Its application area is
wide, targeting antenna design and optimization, EMC, EMI and dosime-
try. Initially developed within the Swiss Priority Program for Micro and
Nano System Technology (MINAST), it is currently being commercialized
by Schmid & Partner Engineering AG (SPEAG). Continuous improvement
and extension of the platform is performed within the scope of the SEM-
CAD++ project by R&D teams within a Swiss Consortium composed of
the Institute for Integrated Systems (IIS) of the Swiss Federal Institute of
Technology Zurich (ETHZ), the Foundation for Research on Information
Technologies in Society (IT’IS), SPEAG and the Integrated Systems Engi-
neering (ISE) AG and supported by the Commission for Technology and
Innovation (KTI, Switzerland).

This thesis’ contributions with respect to code generation and implemen-
tation into the SEMCAD platform can be briefly summarized as follows:

o Implementation of the subcell scheme into EMLAB code: the subcell
algorithm presented in chapter 5 is integrated, enabling the gener-
ation of grid non-conformally aligned PEC structures via parameter
input. The implementation is performed without affecting the existing
FDTD routines, i.e., the updating of just the PEC nearby components
is treated specially. A number of routines provide the extraction of
EM field data within arbitrarily oriented sensor objects. (Transfer to
SEMCAD platform within SEMCAD++ project)

e Implementation of the rotated source model into EMLAB code: the
non-conformally aligned source model which is described in chapter 5,
section 5.2.3 is activated by specification of a grid node for its spatial
location. A hard-source provides the full set of available excitation
types to be applied. (Transfer to SEMCAD platform within SEM-
CAD++ project)

o Implementation of the subgridding scheme: the novel subgrid algo-
rithm presented in chapter 6 is integrated into the SEMCAD environ-
ment by implementation of a main class handling the interface between
two connected grids (upper grid - subgrid). This class itself makes use
of three subclasses which provide support for interpolation (3-D cubic
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splines), data handling (organization of subgrid surface components)
and data storage (of intermediate field values used in temporal interpo-
lation). The implementation is done in a very modular way, enabling
easy parameter changing (e.g., for varying the type of spatial interpo-
lation scheme used).

Extension of the subgrid integration to enable nesting: the subgrid
main class was consequently extended in order to allow an arbitrary
nesting of subgrids in a sequential and/or parallel manner. This is
performed in general by defining parent and child grids for each subgrid
(interface) of which the objects are processed during each update cycle.
The implementation was thereby carried out in a way which leaves the
existing FDTD grid objects untouched, i.e., the subgrid feature is set
as a module on top of the common grid classes.

Adaptation of the grid generator to embed the subgridding scheme:
the existing semi-automatic generator for homogeneous and non-ho-
mogeneous grids was extended to allow a straightforward integration
of the subgrids. The specific grid / subgrid objects are thereby handled
recursively. Major attention was given to allow a combined application
of subgrids and graded mesh in order to provide the most effective and
general application. The grid generation user interface was extended
to enable free positioning of the subgrids. Furthermore, all grids are
graphically displayed within the GUI

Adaptation of the material assignment: in addition to the grid gen-
eration, the assignment of material to the different Yee cells had to
be distinguished for and performed within the different grids. The
3-D ACIS solid objects are thereby first converted into triangulated
structures and consequently processed using a 3 - 2-D analysis of the
intersection points with the FDTD grid. Moreover, the material as-
signment of all objects located within different grids was graphically
visualized within the GUI using 3-D OpenGL (OGL) routines.

Adaptation of the source / field sensor handling: all sources as well as
field sensors recording the EM fields (Yee components) at previously
defined spatial locations had to be adapted to the new multi-grid con-
cept. Depending on the location of the source/sensor in a specific
grid, the Yee components from within this grid had to be recorded
and processed (application of corresponding timestep, data extraction
at postprocessor level).
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o Generation of the postprocessing (PP) concept: not directly related
to the novel algorithms, a global postprocessing concept was devel-
oped within the SEMCAD(++) project. It consists of a main class
handling and keeping track of all result data and the corresponding
viewers/charts. Via a token system, this main class manages the ex-
traction of data from the HDF files, its processing with respect to the
user input, the passing of processed data to a specific viewer as well
as the data and viewer’s lifetime.

e Implementation of the postprocessing engine: based on the action of
the postprocessing main class which is determined by the user input,
the time-domain data recorded during the simulation is extracted from
the Hierarchical Data Format (HDF) files and processed (specific fields
are assessed from the pure Yee E- and H-field components). This data
is consequently passed to a chosen viewer/chart type.

¢ Implementation of the chart/viewer entities: an entire set of 1-D, 2-D
and 3-D viewers and charts was integrated into the SEMCAD environ-
ment. For standalone floating charts like XY, Smith and polar charts
as well as contour and surface viewers, a third party product [36] was
applied for the visualization. In order to directly overlay EM field data
into the GUI (scalar field, 3-D vector representation, 3-D far-field and
3-D field overlay on solid object’s surfaces), i.e., in addition to the
solids, a set of OGL based display routines have been implemented.
All viewers were equipped with various user selectable customization
possibilities.

The highly user-friendly solid modeling environment is based on the well
approved ACIS modeling toolkit, allowing the generation of complex 3-D
objects as well as the import of whole CAD datasets in various formats. Its
CAD environment enables a free positioning, tilting and moving of objects
without any restrictions to a predefined resolution or grid configuration.
Fully automated generation of non-homogeneous meshes, robust subgrids as
well as fast material assignment is supported. In addition, a large database
of non-homogeneous human and animal phantoms as well as standard phan-
toms widens the application range to dosimetry related investigations.

The postprocessing engine enables the extraction of any time and fre-
quency domain data from the near- and far-fields (U, I, Z, SWR, P, S-
parameters; E, H, D, B, S, J; SAR peak and averaged; 2-D and 3-D far-field)
and its visualization within a variety of appropriate viewers and charts (XY,
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polar plot and Smith chart; 2-D contour, surface viewer, overlay in GUI; 3-
D overlay on solid objects). In addition, the combined platforms SEMCAD
and DASY4 allow the direct comparison of numerical and experimental data
within the same postprocessing environment.

The kernel providing 3-D full wave simulation and engines for thermal
and quasi-static computations incorporates all state-of-the-art FDTD re-
lated features, such as the latest boundary conditions (1st and 2nd order
Mur, Higdon operator up to 4th order, PML, electric, magnetic) as well
as various source/excitation types (hard-, voltage- and added-source; sinu-
soidial and Gaussian-sine signals). In addition to the novel algorithms pre-
sented within this thesis, a number of algorithms were uniquely implemented
into SEMCAD enabling improved representation of dielectric planar mate-
rial transitions and enhanced precision through phase velocity correction for
non-homogeneous meshes.
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Chapter 3

Limitations of the FDTD
Scheme with Respect to
Spatial Resolution

Abstract Within this chapter the FDTD method inherent errors
with respect to spatial grid resolution are outlined on the basis
of the most relevant experimental and theoretical investigations
from the FDTD literature. Finally, general conclusions and rec-
ommendations with respect to staircasing are pointed out.

3.1 Numerical Errors Caused by Stair-Stepped
Modeling Approximations

3.1.1 Introduction

Because of its simplicity and straight-forward approach, the FDTD method
has certain restrictions, in particular with respect to spatial resolution. For
the common scheme major drawbacks especially arise for PEC structures
which are either grid non-conformally aligned or of very fine spatial detail
and are therefore represented in a stair-stepped approximation (staircasing).
An additional disadvantage is posed by the missing or highly difficult deter-
mination of the method’s quantitative uncertainty which is defined by the
sum of multiple error sources. All summarized error sources may have a
highly case dependent influence on the uncertainty of the examined system
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within FDTD. This thesis mainly addresses the topics indicated in stalics,
i.e., errors which are mainly related to a coupled spatial model / grid rep-
resentation, collected as follows:

insufficient representation of the geometrical physical model: major
simplifications in significant geometrical details and neglecting impor-
tant electromechanical parts (topic is discussed in chapters 6, 7 and
8)

inaccurate material assignment: incorrect location of materials within
the spatial grid, e.g., bypassing two closely arranged PEC structures
(topic is discussed in chapter 8)

improper application of material parameters: neglecting dependence
on frequency, temperature, field strength and spatial orientation as
well as the implication of incorrect material parameters (e.g., usage
of parameters measured at low frequencies for high frequency applica-
tions)

errors in source/excitation modeling: spatially improper positioning of
the source model (e.g., source not properly connected to transmitter
structures, asymmetric location), application of simplified or improper
signal types in the time domain (topic is discussed in chapter 5)

staircasing (PEC, lossy dielectric materials): major simplifications due
to insufficient spatial discretization within FDTD, excitation of non-
physical EM components due to stair-stepped material representations
(topic is discussed within this chapter and in chapters 5, 6, 7 and 8)

phase velocity errors: numerical dispersion errors due to insufficient
FDTD grid refinement in spatially widely extended areas as well as in
non-homogeneous (graded) meshes

reflections from boundaries: insufficient absorption of the incident EM
wave by the applied ABC, incorrect placement too close to the trans-
mitter /scatterer, application of an ABC unsuited for the type of EM
excitation

low accuracy in computational processing (machine accuracy / data
types, data extraction): application of insufficiently high computa-
tional resolution for specific algorithms within the simulation process
or at the postprocessing level (e.g., usage of single precision accuracy
for numerical schemes which rely on double precision)
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Whereas various investigations have been performed addressing general grid
resolution related numerical dispersion errors in the cartesian FDTD mesh
(1], [2] only a number of publications directly address errors caused by
the stair-stepped representation of material boundaries which are discussed
within this section.

3.1.2 Investigations Based on Numerical Experiments

Staircasing artifacts can be subdivided into different types as shown in figure
3.1. Whereas the numerical error caused by single voxels and holes (b, ¢) is
of a locally highly restricted nature, to steps (a) and wide area staircasing
(e) special attention was drawn, namely in [3] examining the EM energy
absorption in lossy dielectric materials.

Investigations have been performed in 2-D for a single step consisting of
homogeneous tissue comparing the Specific Absorption Rate (SAR) for dif-
ferent dielectric parameters, plane wave polarizations, frequencies and grid
refinements. Major effects were found with respect to polarization and grid
resolution (material parameters: e, = 42, ¢ = 0.85S/m, f = 900 MHz).
Local errors at the edge step of up to 50% have been reported for TE
polarization, showing minor effects for a variation of the FDTD spatial dis-
cretization from 0.5mm to 2mm. The error decreases for TH polarization
to about 15 % by application of the same configuration but shows a stronger
dependence with respect to the grid resolution. No significant influence on
the error in SAR was observed by changing material parameters (permittiv-
ity: 5 - 80, conductivity: 0.85 - 2S/m) nor from using different frequencies
between 900-1800 MHz.

In contrast to spatially restricted local errors due to single steps, [3]
further investigated globally significant errors due to staircasing on the basis
of a dielectric sphere (diameter = 200 mm, €, = 42, o = 0.85) exposed to a
plane wave excitation at f = 900 MHz. Different spatial discretizations (1
- 4mm) were applied, and the results were compared to a semi-analytical
solution obtained using the Generalized Multipole Technique [4]. For reasons
of different focusing effects within the dielectric sphere, a spatially more
extended error in SAR varies from 5 - 15 % with respect to grid resolution.
In addition, a 45° rotated dielectric cube of 200 mm? dimension (grid step:
3.8 mm, material properties same as for sphere) was exposed to a plane wave
for two polarizations at f = 900 MHz and compared to a conformally aligned
reference solution. Errors in SAR of 4 - 10 % result if the wave vector k is in
a 45° incidence with the cube surface, whereas good agreement is obtained
for k being at orthogonal incidence.
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Figure 3.1: Distinction of staircasing artifacts for FDTD grid non-
conformally aligned PEC or dielectric structures (source: (3]).

Experimental investigations on the far-field staricasing error for PEC
structures are presented in [5] on the basis of & conducting strip and a circu-
lar cylinder. As a reference calculation, the conducting strip is first modeled
FDTD grid conformally aligned as a single straight row of conducting cells
(1 cell thickness) embedded in free space. A plane wave (TE polarization)
illuminates the strip from below, propagating in a 5° angle of incidence.
Consequently the setup was rotated by 5° leading to a stair-stepped strip
line (every 12th cell normal to incident wave) and a plane wave excitation
propagating conformally aligned with the grid. The staricasing error was
then assessed via comparing the Radar Cross Section (RCS) of both ex-
amples using the technique described in [6]. Errors in the range of 1dB
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have been reported for resolutions of 100 cells per A due to possible sur-
face currents in the direction of the stripline thickness by the presence of
staircasing. Furthermore, the cells oriented normal to the incident wave
evoke short-wavelength (high-frequency) components in the scattered field.
Strong deviations of 3dB in the RCS compared to conformal modeling are
obtained for a conducting cylinder (radius: 0.5m, grid resolution: 20 mm)
illuminated at 45° (TH polarization) by a plane wave at frequencies around
1 GHz.

The influence of the staircasing error on the near-field of a transverse
electromagnetic (TEM) horn antenna was investigated in [7]. Except for a
ringing effect in the tail area of the excited broadband pulse, no significant
quantitative findings with respect to staircasing errors were reported. How-
ever, to achieve meaningful results, the FDTD grid must be chosen so that
As < \/2 for all significant frequencies in the excitation signal, where As
indicates the diagonal length of the stairstep. For the applied 12:1 slope
horn this yields in As = 1/(12Az)% + (1Az)? where Az is the homogeneous
grid step.

Investigations related to staircasing errors on resonant cavities for differ-
ent dimensions and grid resolutions are presented in [8]. Errors in the range
of 1-5 % with respect to the resonance frequency of the dominant mode have
been reported for a spherical as well as for a cylindrical cavity, whereby
coarse grid resolutions of about 10-20 cells per A (at resonance frequency)
were applied. A strong dependence of the error on the radius (spherical
cavity) and on the spatial orientation (cylindrical cavity) are shown.

3.1.3 Investigations Based on Analytical Approaches

A rigorous analysis of staircasing errors is presented in [9] for a staggered
air-PEC interface rotated by 45° with respect to the conformally aligned
cartesian FDTD grid. A similar approach is presented in [10] but extends
the analysis for 2-D air-PEC transitions to lossless dielectric materials. Due
to the generality of this approach it is briefly outlined.

In order to analytically derive the staircasing errors at an air-dielectric
interface, the setup in figure 3.2 is shown, applying a material transition
boundary tilted by 45°. Both the reflection coefficient R at the transition
and attenuation constant o for a surface wave supported by the staircased
boundary are assessed. According to equations 2.4 and 2.5, the magnetic
field at the location (I,m) can be expressed in discretized form as follows:
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Figure 3.2: 2-D finite-difference grid for an air dielectric interface in the
cartesian xy plane: the material transition boundary is tilted by 45 ° (source:
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where At indicates the timestep and h is the cell size corresponding to
figure 3.2. The four E-field components which surround the H-field located
at (I,m) are derived in a similar manner (just shown for E):

+ n—4 At

By = Bl = g (Bl = Holform) (3.2)
+1 -1 At

Eylefm = Boliy g = o (HelPoim = Hollm) (3:3)

whereas equation 3.2 represents the electric field located in vacuum (e,; = 1),
equation 3.3 indicates the E-field within the dielectric (eo = €r2€9). Expres-
sions for the E, components can be derived in the same way and finally
applied to substitute the E-field terms in equation 3.1
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Introducing expressions for the incident (), reflected (r) and transmitted
(t) magnetic fields for the air-dielectric interface rotated by 45° leads to

HY = Hye Hka(th)+ky(mh)—windt)}
H™ = RHye i{ku(th)t+ke(mh)—w(nAt)}
Ht = THye Hke2(h)thya(mh)-w(nAt)} (3.5)

where the total field in vacuum is represented by the sum of H* and H"
and kz2 as well as kyo indicate the propagation constants within the dielec-
tric material. They can be expressed in terms of the vacuum propagation
constants by

_katky ’“_3_(’%_+ﬁ>2

ka:2— D) +\/2 D) (3'6)
ho=tethy JH_ (heth)’ @)
V2T T 2 2 '

where the propagation constant in the dielectric is represented by ko =
wy/€ra+/Ho€g. Investigating guided surface wave modes on the material in-
terface the procedure proposed in [9] is applied for the 45° inclination which
defines

ke =8-ja, ky=p+jo (3.8)
and assumes that o > 0. Due to the continuity condition of the tangential
magnetic field component at the material transition, the condition

is enforced for the wave propagation constants within both vacuum and
dielectric. Following this condition and substituting the magnetic field ex-
pressions from the set of equations in (3.11) into equation 3.4, the reflection
coefficient R can be indicated as follows:
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A + { (Ageah ) l (AgAs — 2)}

R=-
A+ {5 (Aze—oh - 2) +& (A2A3 - 2)}

} (3.10)

where

_ /.Lh i wAt)
A]_ = 4 (At)2 S111 ( )
Ay = 2cos(Bh)
As = eIV (BR)*(era—1)—era(ah)? (3.11)

The propagation of a guided wave mode is supported by the dielectric mate-
rial’s surface if the reflection coefficient R is approximately infinite. In order
to examine such surface waves, the denominator of equation 3.10 is defined
to be equal to zero. To examine the attenuation constant o as a function
of the FDTD cell size h and the wavelength A, the Bk terms are eliminated.
Using the numerical dispersion relation for the wave equation in the FDTD
grid, e.g., from [9], follows that

1= Ay
COS(ﬂh) = m (312)
where
_ h 2 2 wAt

and c indicates the speed of light in vacuum. By application of equation 3.12
for the substitution of the Bk terms, a transcendental equation incorporating
ah attenuation terms results as follows:

A+ é (e_jah(2A5) - 2)

+El" (e_"\/ ‘cos’lwv(5’2'1)—€r2(ah)2_2) =0 (3.14)
2

defining

g, 1= (@) (SF8) .19

cosh(ah)
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and C,, denotes the Courant number, ie., Cp, = (\/icAt) /h. The re-
lation h/A indicates the ratio of FDTD cell size to the wavelength of the
excitation used.

Figure 3.3 compares the attenuation constant ah of an artificially in-
duced surface wave versus h/\ for different values of €2 (for C, = 0.85).
Equation 3.14, ie., ah = f(h/A, €2) directly indicates the grade of error
due to the staircased interface representation. The error increases with re-
spect to decreased FDTD grid resolution and increasing values for €.2. For
€r2 — 00 the error indicated by ah approaches the one of an air-PEC mate-
rial transition. In general, for common FDTD schemes the cell size h should
be matched to satisfy the relation h/A < 0.1.
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Figure 3.3: Artificially introduced surface wave due to staircasing on the
air-dielectric material transition: attenuation constant ah versus h/X for
different values of €2 (source: [10]).

Summing up the analyzed studies, the following conclusions addressing
staircasing errors can be drawn:

o In general, PEC material shows the highest influence on staircasing
errors (the same tendency is observed for dielectric material with high

€r).

o A significant effect is related to the polarization of an incident wave,
i.e., the spatial orientation of the object with respect to EM waves.
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o For an appropriate polarization of the EM wave incident on a stair-
cased PEC structure virtual currents, surface waves and high frequency
components are excited which do not occur for a properly represented
object in the continuous world.

e Local staircasing errors due to single steps and voxels within dielectric
materials may lead to high misestimation of local peak SAR but do
not noticeably influence the averaged peak SAR.

e A slight change in the properties of dielectric materials (., o) does not
significantly change the staircasing error.

e Staircasing in dielectric materials may influence specially shaped ge-
ometries (focusing effect) but normally does not occur in simulation
of largely non-homogeneous biological structures.

e In general, the FDTD cell size must not exceed A/10 to achieve mean-
ingful results. For slightly tilted PEC planes As < A/2 should be
valid for all significant frequencies in the excitation signal, where As
indicates the diagonal length of the stairstep.

The novel algorithms which were developed within the framework of
this PhD thesis do, in addition to a straightforward reduction of staircasing
errors, also provide the possibility to spatially represent significant elec-
tromechanical details which would have been neglected by application of an
insufficient grid resolution. The importance of this topic is pointed out in
chapters 6, 7 and 8.
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Chapter 4

Overview of Modeling
Techniques for Local Grid
Refinement in the FDTD
Method

Abstract This chapter gives a wide review of existing proposed
schemes for local improvement of the spatial grid resolution in
the FDTD method. Major attention is thereby drawn to meth-
ods which are related to this thesis, i.e., subcell and subgridding
techniques.

4.1 Introduction

Due to the reasons discussed in chapter 3, the common FDTD method
inherent staircasing representation, for PEC material in particular, may have
significant influence on the overall error in an FDTD computational domain.
Within EM investigations which are strongly dependent on an appropriate
representation of the surface for specific structures, these errors could lead
to meaningless results. Although for such stair-stepped representations a
straightforward mesh refinement produces a sufficient increase of accuracy,
the results actually cannot converge to an exact solution, no matter how fine
the mesh is made [1]. Moreover, an arbitrary straightforward grid refinement
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is not applicable due to the limitations of computational resources, both in
memory and runtime. These restrictions lead to numerous studies proposing
algorithms which allow conformal or locally grid refining modeling of PEC
and dielectric structures in FDTD. The schemes can be distinguished as
follows:

o Cartesian grids

— Homogeneous cartesian grids
— Graded / non-equidistant cartesian grids

¢ Globally non-orthogonal grids
e Locally unstructured grids / subcell approaches

— Contour-Path (CP) related methods

— Subcell algorithms based on the incorporation of static field so-
lutions

— Algorithms applied to thin structures
¢ Subgrids
e Hybrid approaches

In the following section, a brief overview of the proposed methods will
be given, mainly by extensively reviewing existing approaches for subcell
and subgrid modeling and partially based on (2] regarding other conformal
schemes.

4.2 Cartesian Grids

4.2.1 Homogeneous Cartesian Grids

In general, the avoidance of stair-stepped representations where not neces-
sarily needed is highly recommended, due to the reasons discussed in chap-
ter 3 in particular for PEC materials. Therefore, the orientation of PEC
structures such as RF transmitters, wires or plates FDTD grid conformally
aligned should be enforced. Due to reduced influence from staircasing, lossy
dielectric objects such as head models can be placed grid non-conformally
aligned.

However, for certain small-scale structures it is possibly unavoidable to
apply an excessively fine grid by application of the common homogeneous
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Yee grid approach which will quickly result in FDTD grid numbers limited by
the computational resources available. Sections 7.2 and 8.6.9 within chapters
7 and 8 address this issue by comparison of the computational requirements
for a combined graded mesh - subgrid approach to pure graded mesh as well
as homogeneous grids, concluding that the range of applications is highly
limited for the latter way of modeling.

4.2.2 Graded / Non-Equidistant Cartesian Grids

In order to save computational resources, a highly straightforward solution is
proposed by introduction of a cartesian grid using spatial steps with varying
increments along the x, y and z coordinate axes. Still maintaining rectan-
gularly shaped cells, the approach allows the increase of the mesh resolution
in specific, appropriate regions. However, since the grading expands along
the entire width of a cartesian axis, the technique also wastes computational
resources in regions of minor interest. Moreover, the central differences are
lost due to non-uniform mesh steps, which consequently does not satisfy
second order accuracy. Although preserving global second order accuracy
[3, 4] of the homogeneous grid, locally first order errors influence the overall
uncertainty depending on the grading ratio and cell size.

Initially reported in the late 70s, the scheme was applied to a variety of
EM related problems in the field of Radar Cross Section (RCS) assessment
[5, 6], waveguide structures [7, 8], numerical dosimetry [9, 10] and optics
[11], demonstrating the clear outweighing of the reduced computational re-
quirements over diminished accuracy by the grading [12, 13].

In [13, 14] heuristically derived rules are presented for appropriate mesh
generation which keeps the local grading error within certain limits. A
general overview of proposed methods heading a reduction of errors in non-
uniform meshes is shown in [15, 16]. In addition to locally introduced errors
by graded mesh, significant influence from numerical dispersion errors may
occur, as reported for homogeneous mesh in [17, 18], and extensively ana-
lyzed and improved for non-homogeneous mesh in {19, 20, 21, 22].

4.3 Globally Non-Orthogonal Grids

In various situations, e.g., when bodies of revolution, spherical or cylindrical
structures are involved in FDTD modeling processes, it seems appropriate
to use non-orthogonal grids in order to take the structure dependent under-
lying coordinate system into account. A derivation of corresponding update
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equations does not pose significant challenges, as has been extensively dis-
cussed in [23, 24]. Further methods using globally unstructured grids have
been proposed in order to take local non-conformities into account. The first
FDTD algorithm for generalized nonorthogonal coordinates is presented in
[25]. In this approach, the fields are expressed in terms of their covariant
(flow along a coordinate direction) and contravariant (flux through a con-
stant coordinate surface) components. An integral formulation is used to
obtain the update equations. In the early 90s the author of [25] cautioned
that his original nonorthogonal grid scheme may be of limited utility com-
pared to other more versatile conformal techniques. Different aspects of
generalized non-orthogonal grid schemes were addressed, such as numeri-
cal stability, dispersion and the determination of the appropriate time step,
e.g., in [26, 27]. Methods combining orthogonal with non-orthogonal grids
by overlapping schemes were proposed in [28]. Within this method, the
fields located in the non-orthogonal grid are connected to the orthogonal
grid via spatial interpolation, a technique which is also applied in hybrid
approaches as well as subridding. As discussed later in much more detail,
methods which consider local non-conformities such as subcell and contour
path based methods were developed. In contrast to global non-orthogonal
grids, local non-conformities can be taken into account, sustaining the prin-
cipal characteristics of the orthogonal FDTD method.

4.4 Locally Unstructured Grids /
Subcell Approaches

4.4.1 Contour-Path (CP) Related Methods

Locally unstructured grids apply modified schemes which use a common
cartesian grid in the entire computational domain except for cells directly
adjacent to an object or a spatial region of particular interest. Such locally
distorted meshes result in an excellent trade-off between invested compu-
tational resources and obtained accuracy due to the straightforward appli-
cation to a small number of cells compared to globally unstructured mesh.
The Contour Path FDTD (CPFDTD) method introduced in the early 90s
[29] and [30] has been broadly suggested for the reduction of uncertainties
caused by staircasing applied to PEC and dielectric objects. It is based on
a formulation of Maxwell’s equations in integral form, ie., Ampere’s and
Faraday’s law, allowing the transfer of geometrical information from FDTD
grid non-conformally aligned structures into the field updating equations.
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The original formulation was mainly applied to study scattering phenomena
from single and multiple PEC and dielectric spherical structures [30].

Since some of EM Yee field components are affected by the presence
of material transitions, they are not incorporated in the computation pro-
cess, whereby a non-reciprocal borrowing of neighboring fields is applied.
Although the common Yee scheme for non-dispersive, isotropic and lossless
media has analytically proven to be stable using different approaches [31},
[32], for modified schemes such as the original CPFDTD method this sta-
bility criterion is no longer valid, as shown, e.g., in [33] and [34]. Due to the
use of the above mentioned non-causal and non-reciprocal collinear near-
est neighbor approximation for the non-used field components, spuriously
generated energy is introduced into the system, which leads to late-time in-
stabilities within the analysis of closed and lossless resonant structures [34],
[35].

In order to widen the method’s capabilities to closed resonant structures,
a modified scheme of the original CPFDTD method is presented, initially
proposed in [35] and extended in [36] and [37]. Based on passive circuit
theory including capacitors and gyrators, its approach reconstitutes the lost
reciprocity by performing a forced coupling between correlated electric and
magnetic field components applied to spatially extended PEC objects. The
scheme was benchmarked on the basis of a grid non-conformally aligned
circular cylindrical resonant cavity.

As in the mid 90s, alternative approaches to the common CPFDTD
scheme were presented, e.g., in [38], where the non-reciprocal nearest neigh-
bor approximation was not applied. However, the authors propose & similar
approach to the original one, where standard Yee updating is used within the
remaining computational domain. For all cells which are affected by PEC
material, local corrections are applied to the update equations. The scheme
was benchmarked using the analysis of microstrip lines. A very simple and
basic local refinement scheme is proposed in [39]. It assumes PEC objects
to have a surface shape aligned either passing through the diagonal of an
FDTD cell or conformally aligned with the grid. Consequently, modified
update equations are applied for the diagonally cut cells.

A conformal technique similar to the CPFDTD approach but based upon
the volume-integral form of Faraday’s and Ampere’s laws is proposed in
[40]. As performed in the original method, this scheme also applies & non-
reciprocal borrowing of fields for certain grid components. A straightforward
algorithm for incorporating 3-D geometric information about PEC struc-
tures into the FDTD update equations is proposed in [41]. This approach
leads to a formulation of equations similar to that provided by the CPFDTD
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method, but an additional factor, based on the electrostatic behavior of the
fields, is used to modify borrowed field components. For validation, the
scheme was applied for the calculation of the resonance frequencies of rect-
angular, cylindrical and spherical cavities.

In (42}, a local refinement method is presented which is derived from
the original CPFDTD approach and combined with techniques enabling im-
proved representation of thin objects within FDTD [43], [44]. The scheme
was consequently applied to model a three-dimensional pyramidal horn coated
by a thin layer of dielectric material on the inner E-plane walls.

By the late 90s a novel FDTD locally conformal method applied to grid
non-conformally aligned PEC structures was proposed in [45] for the 2-D
case and extended to three dimensions in [46]. Its approach is very simple;
moreover, it does not perform any non-reciprocal nearest neighbor approx-
imations. The FDTD update equations for the electric field are kept the
same as used in the conventional Yee scheme, while the magnetic field up-
date equations for cells which are affected by metallic boundaries are slightly
modified to incorporate geometric factors describing the metallic structure.
However, in order to achieve convergence to a stable solution, the Courant
number has to be reduced to 50-70% of its limit. Benchmarking of the
method was performed on the basis of a spherical cavity as well as a circular
microstrip patch. A study and comparison of this local refinement approach
to staircasing and other schemes discussed within this section ([29, 39]) is
presented in [47], related to narrow-angled TEM horn antennas. A study
comparing the original CPFDTD method to a conformal method shown in
(28] is presented in [48] on the basis of PEC circular cylinders. An extensive
comparison of local refinement methods [37, 41, 46] to straightforward stair-
case modeling as well as to analytical results with respect to reflection from
the interface boundary is performed in [49] on the basis of PEC cylindrical
and spherical resonant cavities.

The locally conformal method introduced in [46] was extended from PEC
objects to the modeling of grid non-conformally aligned dielectric objects in
the late 90s [50] and benchmarked for open- and closed-type dielectric cylin-
ders. A recent publication reports the method’s integration into a conformal
FDTD modeling and simulation package provided by the authors [51]. A
combination of this method with the use of symmetry planes is shown in
[62] for the analysis of center-fed bow-tie antennas.

A recent publication [53] proposes a novel method based on the original
CP approach but avoiding collinear borrowing approximations by subdivid-
ing the electric fields on the distorted grid into multiple components. The
scheme, applied to the simulation of & horn antenna, is compared to exper-
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imental results.

An early publication from the late 70s [54] introduces so called effective
permittivities applied to an improved modeling of 2-D grid non-conformally
aligned dielectric structures. It is based on a similar approach as shown in
[39] for the PEC case, i.e., by restricting dielectric material to lying either
conformally aligned or in a cell-diagonal orientation. The resulting permit-
tivity is determined from weighting the initial permittivities of two adjacent
regions via contribution of the area. The technique was applied and exam-
ined, e.g., in [55] for a rotated cube exposed to a plane wave excitation in
vacuum. For objects arbitrarily oriented in three dimensions the formulation
was extended in [56] by introducing an averaged electric-flux density. An
algorithm recently published in [57] also makes use of effective permittivities
by introduction of the effective dielectric tensor, i.e., by incorporation of the
dielectric boundary alignment with respect to the orientation of the electric
field vector in the FDTD grid. An alternative method addressing subcell
modeling of dielectric discontinuities is shown in [58] for two dimensions.
Effective permittivities are determined by a preprocessing analysis of the
geometrical object’s intersections with FDTD grid cells. The method was
extended to the 3-D case in [59] and improved with respect to applicability
in [60] by overcoming the preprocessing analysis using a more general and
systematic approach.

Grid-conformally aligned planar dielectric boundaries are generally trea-
ted by averaging the material properties on both sides. Recent publica-
tions [61], [62] address the issue of planar material boundaries in more de-
tail, suggesting a method to calculate effective permittivities which retain
the scheme’s second-order accuracy for boundaries parallel to the grid axis
without coinciding with a mesh line. An extensive analysis of such planar
material interfaces is discussed in [63], further providing & general mate-
rial boundary error correction for a frequency and propagation direction of
optimization.

The method presented in [1] and within chapter 5 of this thesis introduces
a novel CP based algorithm which mainly addresses active PEC transmitter
structures non-conformally aligned to the grid.

4.4.2 Subcell Algorithms Based on the Incorporation of Sta-
tic Field Solutions

Certain configurations including strongly varying field gradients may lead to
unacceptable errors within FDTD, even for material boundaries which are
conformally aligned to the grid. One solution to overcome these uncertain-
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ties is the application of & highly resolved grid within the regions of interest,
e.g., using multiple cells to resolve a thin sheet in its thickness. However,
this quickly leads to challenges with respect to computational resources.

A more elegant way is based on including local static field behavior in
the vicinity PEC objects, as was initially proposed in the early 90s [65] by
incorporation of correction factors into the FDTD update equations of all
cells affected by the material. The approach was consequently extended
to an improved modeling of curved metallic boundaries in {66, 67]. How-
ever, since the schemes did not provide unconditional stability, in [68] a
stable static field solution technique is proposed based on energy conserva-
tion, incorporating a priori field knowledge into the FDTD algorithm. In a
publication from the late 90s [69], the same authors present a novel tech-
nique for the analysis of thin wires and narrow strips. It is based on a finite
element formulation which provides a means by which FDTD may be gener-
alized to include whatever a priori knowledge of the field is available without
compromising stability. A simple technique to improve the accuracy of the
staircased FDTD method is presented in [70] for flat metal planes or metallic
corners which are not aligned conformally to the grid. This technique relies
as well on the incorporation of correction factors based on the electrostatic
field behavior near affected PEC structures. More recently, within {71] the
technique presented in [68] was extended to handle situations where sharp
metal edges are not aligned with the grid. This novel scheme was used to
analyze microwave related applications in [72].

The incorporation of a priori field knowledge into the standard FDTD
algorithm overcomes the limitations of strongly varying fields in the vicinity
of metallic structures. For this specific kind of application, the summarized
techniques are therefore superior to any other approach, due to a possible
use of rather coarse grids instead of enormously high mesh refinements.
Although a similar effect is achievable by application of subgridding, these
techniques will be considered for further investigation.

4.4.3 Algorithms Applied to Thin Structures

For extremely high ratios with respect to wavelength and the smallest pos-
sible spatial extension of the geometrical structure, the application of spe-
cial FDTD subcell models is highly necessary. In particular for thin struc-
tures like wires, sheets and slots, a straightforward modeling by the common
FDTD scheme would quickly lead to limitations of computational resources.
By straightforward application of coarsely resolved grids to geometries with
spatial subcell extension, the dimension of the structure will be determined
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by the grid resolution, which hardly ever matches its actual dimension. In
the following section, a number of algorithms targeted for enhanced repre-
sentation of such structures are summarized.

In the early 80s the implementation and analysis of an FDTD thin strut
formalism was presented in [73]. It allows the modeling of arbitrarily thin
wires in the FDTD technique, without the need to reduce the FDTD grid
size to the thickness of the wire. An FDTD thin slot formulation (TSF),
based on representing the slot with a modified material, was presented in
[74]. Following the work proposed in [75], update equations were derived
which are suitable for the modeling of sub-cellular structures such as wires,
narrow slots, and lapped joints embedded within conducting screens [76, 77
leading, e.g., to the well known thin-wire formalism. The corresponding
update equations were obtained from the integral form of Faraday’s law
rather than the differential form and resulted in modified equations only for
cells directly adjacent to the sub-cellular structure.

Enhancements of the presented subcell models were consequently ini-
tiated within various following studies in the beginning of the 90s. The
application of an integro-differential equation formalism to thin slots is pre-
sented in [78] and was extended to model lossy slots by the use of a surface
boundary condition [79]. Enhancements with respect to thin slot formalisms
by incorporation of singularities by the field variation near the slot are pro-
posed in [80]. The same authors also presented a small hole formalism for
small hole coupling [81]. A similar approach applied to thin aperture scat-
tering is shown in [82]. Major investigations with respect to accuracy and
late time instabilities for this kind of local refinement scheme have been
performed in [83] and [84].

FDTD subcell methods particularly applied to conducting as well as
dielectric thin sheets were initially reported in [85]. A further enhanced
model addressing dielectric sheets by considering both, normal and tangen-
tial field components at the air/sheet interface was presented in [43]. Other
subcell models focusing on subcell modeling of thin PEC and dielectric ma-
terial sheets were independently proposed in [44], [86] and [87]. The latter
two publications only consider the tangential E-field component at the thin
sheet/air transition. A comparison of FDTD methods for modeling thin
dielectric and conducting sheets is given in [88].

A recent publication [89] introduces an elegant way of modeling thin
wires by extending the thin-wire formalism proposed in [76]. The authors
report the particularly high suitability of the scheme for antennas using
dipole-like sources. The improvements were achieved using modified field
components, mainly in the wire-end region, obtained from results performed
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by application of the Method-of-Moments (MoM). Moreover, a novel and
corresponding improved feed/excitation model applied to this kind of struc-
ture is presented in [90]. A recent study addressing improved modeling of
thin PEC sheets is shown in [91], extending the method initially proposed
in [46] to thin sheets.

The algorithms summarized in this section provide a very effective method
of representing specific thin structures such as wires and sheets. However,
the use of subgrids to assess the required grid resolution presents a more
canonical way with respect to the FDTD method; moreover, it includes the
possibility for later introduction of thin-structure schemes.

4.5 Subgrids

A very general and highly efficient approach to overcome restrained grid res-
olution is the introduction of & subgrid. Such subdomains consist of smaller
FDTD mesh cells and are placed themselves within a specific sub-region of
the computational domain. The grid structure of the remaining main grid is
thereby not modified, i.e., no computational resources are wasted in regions
of minor interest as from using graded mesh.

The subgridding topic was initially reported in the early 80s [92], intro-
ducing a technique which applies two separate updating cycles for the field
computation. Within the first cycle all components located in the main grid
are updated, whereby field components in the boundary region of the sub-
grid are stored. These values consequently act as boundary solutions used
for the computation of the local grid in a second cycle. Extended but still
simple schemes were presented at the end of the 80s in [93, 94] based on
linear interpolation in both time and space.

Within the last 15 years the development of various subgrid algorithms
has been reported, solving the most crucial issue in subgridding - the transfer
of field information between coarse and fine grid - by application of differ-
ent approaches. Compared to [92], these schemes allow the simultaneous
processing of both main- and subgrid within one single updating cycle.

Schemes based on the Helmholtz Equation show high efficiency but are
mainly applied to plane wave examples and often derived for the 2-D case
only. In [18], a 2-D approach based on general hyperbolic partial differential
equations [95] applied to Maxwell’s curl equations and assuming TE mode
propagation is introduced. A nestable basic refinement of 1:4 is achieved and
tested for a waveguide example. In [96], a simple 1:2 refinement technique
based on spatial interpolation of E- and H-fields in the interface region is
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briefly discussed. A detailed description is given for & 1:3 subgridding tech-
nique based on a discretized form of the wave equation in order to obtain
fields located at the boundary. The applicability of this scheme is restricted
to homogeneous media. A modification of this technique is shown in [97],
leading to improved efficiency, demonstrated on the basis of a 2-D rectangu-
lar waveguide. The authors report reflections of less than -45 dB for frequen-
cies up to 65 GHz. The cell sized used for this example was not reported. A
recent publication [98] addressing the Helmholtz equation uses optimal cho-
sen FDTD updating coefficients for the transition region from coarse to fine
grids which were derived from a technique minimizing the phase error [20].
For validation, 2-D scattering and propagation problems were applied. An
alternative 2-D approach targeting the determination of optimized coupling
coeficients between main- and subgrid is presented in [99] by application
of the wave equation. The authors report good performance compared to a
non-optimized method, i.e., low reflections (-70dB to -40dB) in a 25 GHz
broad frequency range, tested in 2-D waveguide problems.

A 3-D approach (1:2 refinement) based on curl and source matrices in the
Finite-Integration (FI) technique [100] shows a good behavior with respect
to stability but therefore requires reduction of the timestep determined by
the Courant-Friedrichs-Lewy (CFL) criterion by a factor of 2. Recently, a
similar method was presented in [101] and [102] where the authors apply a
passive electrical circuit equivalent approach [35] combined with a modified
temporal interpolation scheme to increase stability. In contrast to [100},
a 1:3 refinement is applied. Reflections in the range of -40dB in up to
20 GHz (0.3 mm subgrid mesh step) were reported, assessed on the basis of
inhomogeneous resonator examples.

In [103] the method presented in [97] was extended to three dimensions
and modified for the coarse-grid updating procedure to achieve higher stabil-
ity than the original scheme. However, the method does not allow materials
traversing the boundary, and reflections from the subgrid boundaries in the
range of -35 dB have been reported for refinement factors around 3 applied
to waveguide structures. In a recent publication [104], the same authors
propose a novel subgridding technique based on Ampere’s law in integral
form which extends the previous approach to enable PEC or dielectric ma-
terials passing the boundary. The reported reflections are in the same range
as shown in [103], but the scheme was tested for refinements up to 1:11.

Significant improvements with respect to generalized applicability are
achieved by methods introduced in the late 90s which are based on 3-D
spatial and temporal interpolation for the data transfer between coarse and
fine grids. In [105] a scheme (1: odd integer refinement) is proposed which
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permits non-magnetic or PEC materials to traverse the interface boundary
between the two grids. Linear interpolation is applied for the determination
of boundary field values; furthermore, correction factors are introduced in
order to improve stability. Reflections in the range of -45 dB (1:3 refinement,
A/10 cell size) as well as reductions of the maximum CFL to about 0.7 have
been reported, based on antenna and scattering problems. Stability is tested
for up to 22000 timesteps. A method, again based on linear interpolation in
space and combined interpolation/extrapolation in time but by considering
both E- and H-fields in the interface region, is presented in [106]. For a 1:5
refinement using a A/50 cell size in the subgrid, the reflection error is in the
range of -50dB derived from a scattering example. Stability was tested for
2500 timesteps by reducing the maximum CFL to about 0.5. The scheme
does not yet support materials traversing the subgrid - main grid interface.
Excellent performance with respect to both low reflections and high stability
is demonstrated in [107]. The algorithm, based on spline interpolation in
space and combined interpolation/extrapolation in time applied to an over-
lapping region connecting both grids, allows an intersection of dielectric and
PEC material at the boundary. Reflections below -50dB in a 20 GHz range
(0.5mm cells size) are reported, assessed for & number of parallel plate and
waveguide examples. A nested mesh application of this scheme presented in
[108] to model antenna structures such as dipoles and helices shows errors
up to 20% for certain configurations (A/2 dipole at f = 900 MHz, A/300 cell
size, 1:16 refinement) in the closest vicinity of the antenna. A linear inter-
polation based scheme, also using an overlapping connecting region such as
in [107] and combined with correction factors, is derived for the 2-D case in
[109]. Qualitatively good results are reported, based on plane wave and a
thin slot example. In [110] the authors present an alternative linear inter-
polation based approach which was applied for characterization of far-field
parameters and RCS of an antenna and a numerically represented missile.

An efficient subgridding scheme applied to regions of different dielectric
constants embedded into each other is proposed in [111]. It is derived for two
dimensions, and the refinement factor is determined by the ratio obtained
for two adjacent dielectrics. In addition, a basic stability analysis was per-
formed. Basic investigations on subgridding error analysis and stability is
presented in [112, 113] for the spatial scheme of a specific 2-D subgrid based
on a simple interpolation approach. In [27], methodologies regarding the
general numerical stability of the FDTD technique are discussed and finally
applied to the subgrid method presented in [100].

The subgridding scheme proposed in [2] and within chapter 6 of this
thesis was developed with a focus on robustness, stability and general ap-
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plicability, i.e., by allowing the traverse of arbitrary material distributions
in the subgrid - main grid boundary. Its flexible nature enabled a straight-
forward implementation into a CAD environment providing automated grid
generation.

4.6 Hybrid Approaches

Methods different from FDTD may have specific advantages for certain
configurations incorporating increased homogeneity, e.g., a single curved
antenna structure might be modeled more appropriately using a Finite-
Element (FE) technique rather than FDTD due to the stair-stepped ap-
proach. Therefore, major attempts have been performed to combine FDTD
with other methods, leading to an assembly of the individual method’s ad-
vantages.

Initial efforts to achieve hybridization are reported in [115] for combin-
ing FDTD with the Method-of-Moments (MoM) within an investigation on
coupling problems. In the beginning of the 90s hybrid approaches were ex-
tended to combine FDTD with other methods such as presented in {116]
for the scalar wave equation applied to the simulation of a Vivaldi antenna,
reducing the computational requirements. Introducing a hybrid ray-FDTD
method applied to examine scattering from a cavity with complex termina-
tion was presented in [117]. The FDTD method was coupled with the Partial
Eigenfunction Expansion (PEE) in [118] achieving major improvements with
respect to computation time for shielded structures. An extension of this
method to cylindrical coordinate systems is presented in [119]. Also by the
mid 90s FDTD hybridization was widened to incorporate domain methods
such as FET as well as the Finite-Volume Time-Domain (FVTD) formula-
tion. In [120] & technique was derived, combining FDTD with FVTD based
on conformal and unstructured grids by application of interpolation for the
data exchange and applied to scattering problems. The direct coupling of
two different methods without using interpolation is shown in [121] for an
unstructured FV grid with a structured cartesian Yee mesh by positioning
corresponding cells of each grid on the same nodes. Interfacing of an FE
scheme is performed in [122] by incorporation of an overlapping transition
region between the two grids and solved by means of the FE method in the
time domain. The method is consequently extended to additionally include
MoM in [123]. Recent publications report the hybridization of different coor-
dinate systems within FDTD, such as for cartesian-cylindrical approaches in
[124] and [125] to analyze cylindrical structures with enhanced performance.
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4.7

Conclusion

Targeting the usability of numerical simulations for a wide range of appli-
cations in the fields of antenna design, EMC, EMI as well as dosimetry, the
following requirements with respect to FDTD modeling capabilities can be
summed up:

ability to model highly nonhomogeneous lossy dielectric and PEC
structures / material distributions

possibility to resolve highly detailed and small structures

application to large ratios between widest spatial extension and small-
est detail structure

high applicability for large ratios between FDTD cell size and smallest
wavelength

highest possible flexibility for integration into existing FDTD environ-
ments

high suitability for combination/integration in automated FDTD grid
generation within CAD environment

high performance with respect to robustness, stability and low dis-
turbing influence of the incorporated algorithm

high efficiency with respect to time and memory consumption

Recapitulating all concluding remarks given in chapters 3 and 4, further-
more considering the availability of the state-of-the-art 3-D full wave FDTD
solver from the MINAST EMSIM project as well as the simulation platform
SEMCAD as the basis for implementation, the following methods have been
determined to be the most appropriate:

subcell CP based approach:

— the CP approach has proven to be widely applicable to various
problems (PEC, dielectric); most of the presented subcell schemes
are originally CP based

— it is easily extendable to match certain configurations, e.g., by
incorporation of static field solutions
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although the object’s shape has to be geometrically analyzed,
a straightforward implementation into existing FDTD codes is
enabled (application only to adjacent cells)

— in case of instabilities (closed resonating structures), modified
algorithms have been suggested

— high computational efficiency is achieved, since only a low number
of grid cells (adjacent to object of interest) has to be modified

the method leads to highly improved accuracy while being compu-
tationally inexpensive (only modification of update coefficients)

o interpolation based subgrid approach:

— particularly applicable to specific regions of interest in order to
improve local field behavior (e.g., for scattering, near-field cou-
pling, strong field gradients, etc.), no waste of computational re-
sources

— possible combination with automated grid generation, based on
cartesian coordinate system

— possibility of grid nesting

— combination with other local grid refinement techniques provided,
e.g., for combined subgrid - graded mesh schemes

— incorporation of high flexibility through subgridding due to its
general applicability (no restrictions with respect to usage within
complex non-homogeneous environments)

— no limitations with respect to the modeling of relevant fine and
detailed structures

— no geometrical analysis of affected objects/structures required

— straightforward integration into existing FDTD codes, only slight
modification of implemented structures

— computationally highly efficient due to multi-grid structure, i.e.,
processing of Yee scheme within individual grids which are inter-
faced with each other

— parallelizable
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Chapter 5

A Novel 3-D CPFDTD
Scheme for Modeling Grid
Non-Conformally Aligned
Transmitter Structures

Abstract In this paper, a novel three-dimensional subcell algorithm for
modeling metallic objects which are non-conformally oriented within the
finite-difference time-domain grid is proposed. The generally applicable
algorithm is based on the Contour-Path (CP) technique and enables, in
combination with an enhanced non-conformally aligned source model,
a more accurate spatial representation of antenna structures than the
common staircase approach. To evaluate the performance of the new al-
gorithm, the simulation results are compared with the classical staircase
approach for dipole antennas as well as for a generic phone. Signifcant
improvements were achieved for all antenna parameters from the near-
and far-field, i.e., feedpoint impedance, radiation pattern and field dis-
tributions.

5.1 Introduction

The Finite-Difference Time-Domain (FDTD) method, originally presented
by Yee 1] and greatly enhanced, e.g., in [2] and (3], has become the most

IN. Chavannes and N. Kuster, “A novel 3-D CPFDTD scheme for modeling grid non-
conformally aligned transmitter structures”, IEEE Transactions on Antennas and Propa-
gation, 2001 - to be published.
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widely used technique in electromagnetic computations. Although the Me-
thod of Moment (MoM) techniques are still dominant in antenna analysis,
FDTD is often the only suitable method when antennas are not isolated
but embedded in complex dielectric and lossy environments [4, 5, 6, 7.
However, the conformal alignment of all parts of the antenna and source
configurations is often not possible, e.g., the complex RF part of & mobile
phone (PCB - matching network - multiband antennas), horn antennas,
complex antenna arrays, etc. The classical staircasing approch for modeling
these non-conformal parts can lead to significant uncertainites. Increasing
the mesh density reduces the method inherent errors for grid non-orthogonal
aligned media interfaces caused by the staircasing approximation (8], [9].
However, limited computational resources restrict the application of any
dense grid refinement for particular cases.

In order to reduce these limitations and to generally increase the mod-
eling flexibility within FDTD, a number of algorithms have been proposed
which represent curved perfectly electrically conducting (PEC) structures
different from staircase modeling:

1. The use of non-orthogonal coordinate systems or a globally unstruc-
tured mesh [10], [L1]. These approaches overcome part of the modeling
drawbacks; nevertheless they pose high efforts in the grid generation
and increase the computational requirements by a multiple of the com-
mon rectilinear FDTD scheme.

2. A modification of the standard Yee equations by incorporation of static
field solutions in the vicinity of the curved metallic surface [12].

3. Locally distorted meshes, i.e., modifications in the original Yee scheme,
only have to be applied to cells which are in the immediate vicinity
of the PEC object, which forms an excellent trade-off between in-
vested computational ressources and obtained accuracy. The Contour
Path (CP) method for FDTD (CPFDTD) introduced in [13] has been
broadly applied to reduce the uncertainties caused by staircasing for
a wide range of open-domain applications.

Despite the known problems, FDTD has been widely used for the mod-
eling of mobile transmitter structures like cellular telephones, e.g., {14]. In
[15] the increased antenna length caused by the staircased representation
has been partially compensated by introducing correction factors. However,
this rather simple approach is not satisfactory, since even the insensitive far-
field pattern shows a rotation compared to the conformaly aligned model,
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with errors of more than 25% for certain angles. The total radiated power
behaves very sensitively with respect to the spatial discretization, leading
to deviations of 20% for an FDTD cell size of A/33.

To overcome these limitations, a novel approach is presented in this
paper which extends the common CPFDTD scheme to general 3-D antenna
structures which are arbitrarily rotated around the major cartesian axes.
The modified CP scheme is not restricted to objects consisting of multiple
mesh cells within its minimum spatial extensions but is applicable to thin
structures of subcell dimensions, such as filaments and sheets of finite length.
As will be discussed in section 5.2, the method’s general availability was
achieved by splitting up specific Yee grid edges, i.e., introducing virtual
field components which are consequently used within the CP integration
process. Furthermore, a novel source model is proposed which, in contrast
to common approaches, allows an excitation of FDTD grid non-conformally
aligned antenna configurations.

In section 5.3 the developed schemes are applied to a 3-D analysis of grid
non-conformally aligned dipole antennas as well as a more complex generic
phone model. In addition, all results are compared to a straightforward
staircase approach and a conformally aligned reference calculation.

5.2 Numerical Methods

In contrast to the common FDTD algorithm, the CP method is not based on
Maxwell’s equations in differential form but in integral form using Ampere’s
and Faraday’s laws, indicated as follows:

j[ A.di= // Jo+Js) d8+ 2 //D dg (5.1)
f B.dl //B d§ (5.2)

where Jg and Jg specify the source and the conduction current, respec-
tively, while the contour C encloses the area S. Applied to a cartesian grid,
both contours, i.e., for the magnetic field H and the electric flux density
D, are chained. Ampeére’s and Faraday’s law applied to a discretized grid
use the same temporal updating scheme as the common FDTD algorithm.
Therefore, the CP method has to be applied only to Yee cells which are in
the closest vicinity of the PEC structure and therefore directly connected to
the metallic object, e.g., the antenna.
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5.2.1 3-D CP Modeling Of Wire Structures

Applying the developed CP based algorithms to thin wire antenna structures
or PEC sheets requires adherance to the following rules:

1. The antenna has to be within a primary Yee grid plane but may be
arbitrarily rotated around the cartesian FDTD axes.

2. The tips of the antenna must be located on a primary Yee grid line.

3. If a source is placed in the feedpoint region, it must be excited sym-
metrically according to the antenna’s orientation.

Rule 2 has to be applied since all EM field information from the tip of
the antenna is not transformable into the FDTD grid if the tip is located
inside a Yee cell. A further local refinement of the grid around the antenna
tip would have to be applied in this case.

Figure 5.1 depicts the position of such a non-conformally oriented thin
wire structure of a dipole antenna within the FDTD grid. Specific electric
field components (indicated by large arrows) cannot be computed by the
Yee algorithm, since the corresponding magnetic components are located on
opposite sides of the wire. These E-field components have to be deactivated
and will be left unused. All those H-components located around the wire
have to be determined by application of the CP updating equations based
on Faraday’s law, whereby only the wire non-tangential non-zero E-field
components are used. Depending on the location of the antenna in the
FDTD grid, different updating equations have to be applied. For the general
case shown in figures 5.1 and 5.2 the corresponding update equations are
split up in three groups summarized for each cartesian direction.

1. H, field components:

Assuming no E-field contribution from the electric conducting subpath
E,,n, the equations for the two H, components

are as follows:

n-p At 1. E,
w0 A+ Ay (B

loEy 141 ) (5.3)

n+%
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n
ij t

n
Lj+1 ly?Ey
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Figure 5.1: CP method applied to a non-conformally oriented thin wire
structure of a dipole antenns in the xy-plane (determination of H, compo-
nent).

n+l . n—% At
Hy ;% = Hi|j;5+ oAz + A) (ly3 By |itj—2 —
LBy |1 — laBy |41,5-1 ) (5.4)

where A; and A, form the total area within the contour enclosing
H,|;; and Ay and Ac express the corresponding area for H, |; ;1.
The particular lengths on each side of the antenna within the integra-
tion path in the y-direction are indicated by the elements ly1 to ly4.
I signifies the Yee cell extension in the z-direction. All three E-field
components (E, and Ey) which are affected by the presence of the
antenna are deactivated and not taken into account. However, these
two Ey components are needed for the CP integration. Therefore a so




70

called collinear borrowing is performed, whereby their collinear nearest
neighbor components E, ’?,j—z and Ey |14, ;11 are used instead.

. H; field components:

For the determination of the affected H, components, figure 5.2 shows
a part of the scenario within the FDTD grid. Since some of the electic
field components placed within the primary Yee grid plane (index k)
have been deactivated, all H, components located above and below
have to be calculated using modified equations. Thereby an Ey-field
segment at index k from each side of the antenna is introduced into
the CP as follows:

n+% _ n—%
1 =Hg |5 et

Hy 4,j—1,k—

At n n
Molylz (—lez 1,5,k—1 - lyEy ivj_lvk—l +

lez Zj—l,k—l + llEy IZj_Zk + l2Ey ijk ) (55)
n+i n—l
Hy |ipitih-1 = Ha 301t
A
gz (=GB (B jra e — WBy [Bajn-1 +
LBy k-1 T By By i1 T 3By |?+1,j+1,k ) (5.6)

where {1 to l4 indicate parts of a Yee cell length in the y-direction
which have been separated by the presence of the antenna, i.e., which
are located on different sides of the antenna. I, and [, are the Yee
cell extensions in the y- and z-directions, respectively. The remaining
values Hy |; j—1,% and Hg|;41,5% are determined in precisely the same
way.

. Hy field components:

The determination of the H, components is depicted in figure 5.2 as
well. The electric field component in the y-direction, which is sepa-
rated by the antenna wire, cannot be computed by the common Yee
algorithm, but is needed in order to calculate the two H, components
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(Hy lijk—1 , Hylijk). Moreover, the E-field vector has opposite spa-
tial directions depending on the side of observation with respect to the
PEC wire. Therefore, the E-field component has to be split up into
two subparts, By and Ej. If the antenna is oriented at a very flat an-
gle with respect to the z-direction, multiple neighboring collinear E,
components are influenced by the PEC. Thus it is not possible to as-
sess the values for E; and E; by a collinear borrowing of the collinear
electric Yee grid components.

detail Yee-cube

ly Eylis1gk1

S 71|
/lliy| ij-1k-1 / Exliju

Hyl ) k1 Ezlistje11

®
Elistjxe1
dij1
{ Eo

- : >-
] - ls Ey|i+l,j+l,k
Hyliji/”
Eylijx
Exlisjx

Figure 5.2: 3-D illustration of the CP method used to determine the H; and
H, components located above and below the antenna.

In order to consequently extract the field components E; and Es, a
novel method related to a scheme shown in [16] is proposed. Faraday’s
law is applied to the reduced areas A; and Aj surrounded by the
corresponding integration paths. Using these contour paths, equations
5.3 and 5.4 are modified as follows:

n+i n—1 At
H.;* = H“,qu.m(lyEy;f,--i-
loBy 041 — WeBy 101 — le1E1)  (8.7)
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n+%

4,j—1

-3
H, H, ?J 1+t — ) (ly3Ey

4Lj—-2 =
v |i1j-1 —le2B2)  (5.8)

lg1 and lgs indicate the length of the subpath for Ey and Ej, respec-
tively.

leEy

1,]1 ly

E1 and E; are now extracted by setting the right side terms of equa-
tions 5.3 and 5.7 as well as equations 5.4 and 5.8 to equality.

By =— (lyl E ‘z gk lyz z+1 J+1k +
A1—A n+
lo By 2j+1,k ) - MEIIFC'Q(HZ wl? -
H,|i 7 ) (5.9)
1
E2=l—( ly4 z+1] 1k+lyaEy -2,k T
B
Ax—A n+i
LB [Fy_yp )+ 828l (H, 1772 | —
n—%
H, |20 ) (5.10)

The results obtained from equations 5.9 and 5.10 are consequently

n+j
used to calculate Hy ’1,1,3—1 as follows:

n-}

n+%
,Jk 1+

Hylijh—1 = Hy

qul:lz (—LE; |fjh-1 +Ba ‘Zj,k—l +
LE: b jp—1 — lELEL — l52E2 ) (5.11)

The Hy, ‘ i, k component located below the index k primary Yee grid

plane is determined in the same manner as just indicated in equation
5.11. All remaining E- and H-field components located around the
wire antenna which have not been mentioned within this section 5.2.1
are calculated using the common Yee updating scheme.
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5.2.2 3-D CP Modeling of Extended Solid Objects

The CP modeling of a non-conformally oriented perfectly conducting box
can be performed analogously to the wire using slightly modified updating
equations. Figure 5.3 shows a detailed view of the phone box rotated in the
xy-plane of the cartesian Yee grid. By taking into consideration that the
PEC structures do not contribute to the CP integral, equations 5.12 and
5.13 are used to determine those H, components which are influenced by
the boundary structure of the box.

n+i n—1%
Hz ;g1 = Ho -1+
+AL (—LE, |} — By |1 +
rod (= LB 101 — leBy 241,61
LBy |71k ) (5.12)
n+3 n—3
Hylijk =Halije +
At
monTs (= bBe [jsih — bsBy i, +
LEy [k + By (Fike1 ) (5.13)

A indicates the area within the contour enclosing Hy |;jx-1 and s is the
length of the subpath adjacent to the PEC phone box. I, and [, express
the spatial extension of the FDTD grid cells in the y- and z-directions,
respectively.

The updating process for the modified H, and H, components is similar
to the scheme described in equations 5.3 and 5.4 as well as equations 5.7
to 5.11. In contrast to the modeling of PEC wire structures, the 3-D CP
method applied to entire solid regions allows the neglection of a large number
of magnetic field components which are within the PEC.

The CP method retains the ability to model solid edges located arbi-
trarily inside a Yee-cell, since all information about the geometry is lost for
a missing context between flux and E-field integration path. Therefore, a
slightly modified edge approximation is used as depicted in figure 5.4. The
original geometry of the phone (thick dashed line) was corrected to a mod-
ified shape (grey line with arrow) which enables the modeling of the edge
region with the CP approximation. The affected H, components can be
updated as described in section 5.2.1.
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Figure 5.3: 3-D illustration of the CP method applied to a non-conformally
oriented perfectly conducting box of a generic phone.

modified modeling
of corner region ~——__|

original geometric _—1 @ ... 1 ©
structure of phone ‘

Figure 5.4: Modified edge approximation due to the inability of an accurate
modeling of in-cell located corner regions.

5.2.3 Modeling of the Source

For non-conformally aligned active radiating antenna structures in particu-
lar. it is of great importance to achieve an improved representation of the
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source within FDTD. On the contrary to grid conformally aligned anten-
nas, the excitation of just one single FDTD edge can no longer be applied,
since the excitation must be adapted to the orientation of the transmitter.
Not following this kind of approach leads to an incorrect coupling between
source and antenna, which results in inacceptable field distributions within
the whole computational domain.

1 ‘/ -
A LT
| // //@
_——— p —_——— — > —
P /
// : a;/ I ®
r/ ! ,l’/

Figure 5.5: FDTD grid non-conformally aligned source modeling using dis-
tributed excitations: a) squarewise oriented; b) starwise oriented.

Three different approaches have been evaluated in order to achieve an ap-
propriate source modeling:

1. Square-like distributed excitations:

For this source type all four electric field components located in a plane
of the primary grid around a magnetic component are excited as shown
in figure 5.5a). Both horizontally and vertically aligned components
are weighted with the sine and the cosine function of the intermediate
angle in order to achieve an orientation of the excitation conformal to
the antenna’s rotation. Due to the widely arranged spatial extension
of the exciting components as well as major simplifications within the
sine/cosine weighting approach, this source type results in a strongly
swirled reactive near-field behavior which rotates the far-field by up to
10%. Furthermore, the mismatched coupling from the source to the
antenna leads to increased radiated power compared to the conformally
aligned structure.

2. Star-like distributed excitations:

This approach uses a sine/cosine weighting as already explained in the
previous section using four electric field components oriented starwise
around the intersection of two primary grid lines as shown in figure
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5.5b). This results in improved near- and far-field behavior, i.c.. a less
swirled reactive near-field and a much closer agreement of the radiation
pattern compared to the conformally aligned dipole antenna. However,
in the close vicinity of the feedpoint region much higher E-field values
than for the conformal excitation are obtained. The resulting absolute
E-field distribution in the source of a dipole antenna rotated by 30°
is compared to a conformally aligned model as shown in figures 5.6a)
and 5.6¢).

a) star excitation b) CP excitation c) conformal excitation

Figure 5.6: Comparison of source modeling techniques: distribution of ab-
solute E-field in source region of dipole antenna rotated by 30°.

3. Contour Path excitation model:

In this approach none of the electric field components is excited di-
rectly as in the previous cases. Instead, a temporal variable E-field
along the antenna axis in the feedpoint region is assumed. This as-
sumption allows the appropriate magnetic field components to be de-
termined by introducing the source signal f(t) via a Faraday integra-
tion path during H-field updating. The procedure is similar to the
CP method explained in section 5.2.1, using equations 5.3 and 5.4 in
contrast to a tangential E-field value Eyqy, being equal to f(t) instead
of equal to zero. In figure 5.7 the CP excitation model is depicted.
Whereas for both horizontally aligned Ey; and Ey» components in the
source region the common Yee scheme is applied, those E- and H-field
components which are disturbed by the presence of the antenna have
to be determined using a modified updating scheme as follows:

o Ey3. Eyy determination by collinear borrowing from linear col-
located Iy neighboring components.

o H,i to Hyq: determination similar to section 5.2.1.

o E,1 to E.: determination by projection of Eian on the x-axis,
i.c., multiplication of the Fi,p value by cos(3).
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This novel CP excitation model leads to good agreement between the
rotated radiating structures and their conformally aligned equivalents
with respect to near- and far-field behavior. Comparing the E-field in
figure 5.6b) to the conformal orientation in figure 5.6¢), a significant
improvement was achieved, whereby the star-like excitation exceeds
the ratio of applicability.

A weighted source modeling leads to inacceptable results for the stair-
case approach as well. Therefore, in order to be able to perform a
meaningful comparison between staircasing and the CP approach, the
developed CP excitation model was applied for all non-conformal sim-
ulations.

| cP source
] model

Figure 5.7: Improved modeling of a non-conformally aligned source region
by applying the CP approach. This approach leads to an E-field distribution
similar to the distribution of a reference source oriented conformally to the
grid.

5.2.4 Stability Considerations

The common Yee scheme for non-dispersive, isotropic and lossless media
has analytically proven to be stable using different approaches [17], [18].
For modified schemes such as the CPFDTD method this stability criterion
is no longer valid as shown, e.g., in [19] and [20]. Due to the use of a non-
causal and non-reciprocal collinear nearest neighbor approximation for the
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deactivated E-field components (section 5.2.1), spuriously generated energy
is introduced into the system, which leads to late-time instabilities within
the analysis of closed and lossless resonant structures [20], [21].

The main target of the novel methods proposed in this paper is the
analysis of transmitter structures interacting with lossy environments. For
this kind of open boundary problem no such instabilities were obtained,
since potentially generated spurious energy is attenuated by the absorbing
boundaries, making the schemes well suitable for this kind of application.

However, in order to widen the method’s capabilities to closed resonant
structures, a scheme initially proposed in [21] and extended in [22] was eval-
uated. Its approach reconstitutes the lost reciprocity by performing a forced
coupling between certain electric and magnetic field components applied to
spatially extended PEC objects, e.g., the phone box. Within a setup as
shown in figure 5.1, the H, |;; component is calculated using Ey |s41+1 by
conformal borrowing, whereby this E-field component itself does not take
into account H, |; ; for its determination. The proposed stabilized approach
involves the H-field component in the E-field updating process by weighting
the length of its integration paths along Ey |i41j+1:

n+% _ n—gz
Eylivtierhe = By lipiieie T
At 1 n n
ot (o e He [0 + WHa 7500 1 —
n At n n
Ho M )+ 58 (He [y — Ho |1 e -1 ) (5.14)

All terms correspond to variables which are depicted in illustrations 5.1 and
5.2.

Although this approach leads to an improved stability within closed res-
onant structures, it turned out to be much more difficult to develop a proper
excitation modeling for open and lossy environments as discussed in section
5.2.3.

5.3 Results and Validation

The novel methods for CP and source modeling were compared to a straight-
forward staircase approach on the basis of perfectly conducting rotated
dipole antennas and a previously described well characterized generic phone
which was presented in [23]. There the results for the generic phone were val-
idated by measurements using the near-field scanning system DASY3 [24].
The following antenna parameters were regarded for validation purposes:
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o radiation characteristics
¢ near-field distribution
¢ feedpoint impedance

Since the source region is the most sensitive part for antenna model-
ing within FDTD, the determination of the feedpoint impedance turned
out to be difficult, particularly for rotated sources, as explained in section
5.3.1. Therefore, in order to be able to perform a reliable comparison, all
results are normalized to the total radiated power of the reference model.
This model was chosen to have the same geometric structure as the rotated
example, but was positioned conformally aligned to the FDTD grid. All
electromagnetic field data in the vicinity of the rotated transmitter struc-
ture was recorded on an interpolated virtual conformally aligned grid to
perform a direct comparison with the reference model in the postprocessing
stage. The radiation pattern has been assessed using the near-to-far-zone
transformation described in [25].

y axis
—

reference dipole

rotated dipole —_

O, o
Z axis x axis

Figure 5.8: Dipole antenna located in the FDTD primary plane rotated by
the angle a.

5.3.1 Dipole Antenna

The dipole antenna which was placed in the FDTD primary plane was mod-
eled with a length of % at the frequency f = 900 MHz and was rotated by the
angles o = 7°, 20°, 30° and 40°, as depicted in figure 5.8. In order to match
the location of the antenna tips with the FDTD grid nodes, the dipoles
have slightly different lengths with respect to the four rotation angles ex-
amined. However, the length of the non-conformally modeled and reference
dipoles was kept constant for a specific rotation angle to enable a meaning-
ful comparison between the different methods. The computational domain
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consisted of 1603 cells using a homogeneous meshstep of 5 mm, which cor-
responds to an extension of 2.5 A in each spatial cartesian direction. For
the absorbing boundary condition (ABC) a perfectly matched layer (PML)
approximation [26] with a layer thickness of 8 was applied. The excitation
at the feedpoint was modeled as described in section 5.2.3 with a smoothly
increasing sinusoidal 900 MHz signal for the harmonic and a Gaussian sine
pulse (bandwidth B = 3 GHz) for the transient simulations.

The validation of the radiation pattern revealed that the computation
of the far-field seems to be insensitive with respect to modeling a simple
dipole antenna, since very good agreement with the reference antenna was
obtained for both methods. Comparison with the analytical results showed
very low maximum deviations of 1.5% and 0.5% for the ¢ and 6 components,
respectively. These deviations may occur due to the representation of a
finite antenna thickness within FDTD compared to an infinitesimal wire in
the analytical solution.
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Figure 5.9: Determination of the feedpoint impedance by interpolation of
electric and magnetic field values in the source region.

For the determination of the feedpoint impedance different approaches
have been validated, whereby the calculation of voltage U and current I
by use of symmetrically arranged and interpolated E- and H-field values
adapted to the rotated structure in the feedpoint region turned out to be
the most accurate method. Figure 5.9 depicts the positions of all values
which are interpolated from the surrounding electric and magnetic Yee field
components in the source region.

Figure 5.10 shows the feedpoint impedance of the reference, CP and
staircase modeled antennas rotated at both 7° and 20° in the frequency
range from 600 MHz to 2.5 GHz. For all examined rotation angles a better




81

agreement was found by application of the CP method. The highly sensi-
tive resonance frequency in particular shows strong deviations for the stair-
case modeled approximation. However, the determination of the feedpoint
impedance implies specific uncertainties, since for larger rotation angles the
distance of the interpolated values from the original field components in the
Yee grid increases.
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Figure 5.10: Feedpoint impedance of conformally oriented compared to 7°
and 20° rotated dipole antennas as a function of the frequency.

For the comparison of the dipole antenna’s near-field region the abso-
lute values of E- and H-fields in the vicinity of the rotated antennas were
recorded and compared to the conformally oriented reference model accord-
ing to equation 5.15 for the electric field:




167‘7‘7;‘]‘ [dB] =120 l()glo _ref_ ( D lt))
7 |
where |err.| is the error of the absolute electric field value at the Yee grid
i ;

index ¢,7. E] ?t and E; jf specify the E-field value for the rotated and the
reference case, respectively. The deviation for the magnetic field is defined
analogously. Figure 5.11 shows the error distribution of the electric field for
a 40° rotated dipole antenna compared to the reference model. The obser-
vation planc which has been chosen has a spatial extent of 0.5A x 1A at f =
900 MHz in the z- and y-directions and crosses the primary Yee grid plane
within which the antenna is located. For all examined cases at the four ro-
tation angles a better agreement is obtained for the CP modeled transmitter
structure. Furthermore, the error is more restricted to the closest region of
the antenna, as can be seen in the depicted example. For the staircase model
the maximum error in the vicinity of the antenna exceeds 3 dB, whereas the
CP case leads to deviations smaller than 0.5dB.
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Figure 5.11: E-field distribution of a 40° rotated dipole antenna compared
to the conformally oriented model.
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5.3.2 Generic Phone

All parameters of the generic phone were validated at a rotation angle of
a = 30° analogous to the dipole antenna. Figure 5.12 shows the spatial
dimensions of the phone and the mounted monopole antenna as well as a
picture of the discretized model within the FDTD simulations. A homoge-
neous resolution of 3.8 x 3.8 x 3.8 mm?® voxels was used in order to meet the
rotated object’s dimensions in the grid. For the ABC an eight layer PML
was applied. The distance between boundary and phone was approximately
M. The source was modeled as described in the previous section but adapted
to the geometry of the phone, i.e., part of the source region was ignored due
to its location within the PEC of the phone box. As excitation the same
signal forms as for the dipole antenna were used.

Figure 5.12: Geometric dimensions of the generic phone and its computer
model within the FDTD simulations.

In Figure 5.13 the deviation of the radiation pattern for the CP and
staircase approximations of the 30° rotated phone compared to the conven-
tionally oriented reference model is shown. All E-fields were normalized to
the radiated power of the reference phone. Contrary to the dipole antenna,
for the more complex structure of the generic phone a better agreement is
obtained using the CP modeling for both ¢ and 6 angles. However, the
far-field again shows rather insensitive behavior with respect to grid non-
conformal modeling.
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Figure 5.13: Difference in radiation patterns of a 30° rotated phone com-
pared to the conformally oriented model.

2-D error distributions from the reference calculation for electric and
magnetic fields are depicted in figures 5.14 and 5.15, respectively. The ob-
servation area is extended by about 0.5\ x 1A at f = 900 MHz in the z- and
y-directions while the plane is located at 5 mm above the phone box. Low
errors of less than 0.25dB are obtained for the CP modeled phone in most
of the regions observed, whereas the application of the staircasing approach
leads to deviations larger than 2.5dB in the reactive near-field region.

The feedpoint impedances of the two non-conformally aligned phone
models are compared to the reference case in figure 5.16 for the frequency
range from 500 MHz to 3 GHz. An obvious improvement results from the use
of the CP approximation; the staircase approach leads to a strong frequency
shift of about 100 MHz in the whole examined frequency band. Due to the
presence of the PEC box, half the part of the source region is not considered
for the excitation. Therefore, the determination of the feedpoint impedance
by interpolation performs with increased accuracy for the phone example.

5.4 Conclusions

The proposed, implemented and tested locally conformal finite-difference
scheme based on the CP approach enables improved spatial modeling of
antennas, transmitter structures, etc. which are rotated within a FDTD
grid plane. In order to represent an excitation with improved accuracy, a
modified source model adapted to the geometry of non-conformally aligned
transmitters was presented. The technique is computationally inexpensive,
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Figure 5.14: E-field distribution of a 30° rotated generic phone compared o
the conformally oriented model at 5 min above the phone box.

since only a small number of grid components are updated differently than
the common FDTD scheme.

To assess the capabilities of the adapted CP method, the simulation of
a dipole antenna and a generic phone was performed and compared to the
staircased model. Tt was shown that, in general. the adapted CP approxi-
mation leads to more accurate results for all parameters, especially in the
close near-field. This advantage is essential for accurate modeling of antenna
structures embedded in complex lossy environments, e.g., for the assessment
of absorption data.

Further improvement, especially for the feedpoint parameters, is ex-
pected with the combination of graded meshes and this technique. Extension
of this approach to an arbitrary 3-D wire orientation is the topic of a subse-
quent research project. This can be performed by a trigonometric analysis in
combination with incorporated static field solutions for all Yee components
located around the antenna structure. In addition, the scheme’s application
range will be extended to resonant and closed structures as described in
section 5.2.4.
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Figure 5.15: H-field distribution of a 30 rotated generic phone compared
to the conformally oriented model at 5 mm above the phone box.
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Figure 5.16: Feedpoint impedance of generic phone for reference, CP and
staircase models as a function of the frequency.




87

5.5 Appendix

5.5.1 Subcell Contour-Path Modeling of Dielectric Struc-
tures in FDTD

In addition to grid non-conformally aligned thin PEC structures for which
an enhanced modeling is proposed within this chapter, this section briefly
outlines a CP based approach proposed in [13] which allows modeling curved
dielectric material interfaces with improved accuracy. Figure 5.17 illustrates
a setup consisting of an FDTD grid non-conformally aligned dielectric ma-
terial transition (material 1: p1,e1; material 2: po,e2). Different from the
PEC case, this situation requires the tangential electric field Eiap at the
interface boundary to be nonzero. In the same manner as performed for
PEC structures, the magnetic field components located in the vicinity of
the material transition (shown for H,|;; and H|:+1,5) are calculated by ap-
plication of Faraday’s law using the contours (indicated by dotted lines) on
each side of the transition.

rd -
AX=AY=AS i i
4 ® A @ 4
1 Exlijo
- .._'-_12--_,__
Al/ li
® 4
Eyli-14];
Exliijan 1 ‘ ‘ %Exhu n ,
Y o 4 ® 4 ®
y W1, €4 » Ma.ﬁﬁ

Figure 5.17: CPFDTD scheme using combined Faraday’s and Ampére’s law
for improved modeling of grid non-conformally aligned dielectric material
intersections (source: [13]).
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All E-field components affected by the material interface (indicated by large
arrows) are deactivated and kept unused for the updating process. For
reasons of simplicity, s homogeneous mesh (grid step As) is considered. Both
H-field components located in the xy-plane are consequently determined as
follows:

n+g _ n—3% At
Hzli,j = HZ'z’,j + — NlAl 3Ey|1_§ g
_ltanEta,n' + l2Em 3 ]+1 llEmlz—l J——) (5.16)

H} H|“‘l At Branl® — AsEy["
z 1,+1 J zZli+1, M2A2 tantan Yy i+%,j

(288 = 1)Eel}yg 5 — @Bs — B, ) (5.17)

where A; and [; indicate the area of the surface enclosed by the contour
and the length of the subdivided path, respectively. liqn is the length of
the sub-path located on the material interface. Since both affected E-field
components oriented in the x-direction have been previously deactivated,
the collinear neighbors, i.e., Ewlz’—l,j— 1 and E|; +2,j+] are borrowed for the
contour path instead.

The determination of the tangential E-field component Ejqyp, is performed
by application of Ampeére’s law to the remaining perpendicular contour path:

- At ! +
Eton|"*! = Bian|" ™ + M<Hz? T H | ) (5.18)

using introduced virtual H-field components H,|; and H,|;+1 which are as-
sessed via linear interpolation from the corresponding H-field components:

+ n+l
As
As— ho)H, |, % + hoH,
= |;z:12 _ 2) |z+ 2 |z+1] 1 (5.20)

As
where h; and hy are the spatial distances from the virtual H-field com-
ponents to their neighbors determined via contour path. d; and dp refer to
the distance of H,|; and H,|;+1 from the material boundary.
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The procedure shown is only derived for the 2-D case, but can be ex-
tended to three dimensions using the scheme developed within this chapter
and discussed in section 5.2.1, i.e., by introducing virtual E-field compo-
nents oriented in the y-direction at the location of Ei,,. The values of these
components are determined in the same manner, by recalculation from pre-
viously computed H,|;; and H,|;y1; but with incorporation of a reduced
area A; which consequently enables the determination of H, components
located above and below.
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Chapter 6

A Robust FDTD Local
Refinement Scheme for
General Application to
Enhanced Antenna Analysis

Abstract A novel 3-D FDTD subgrid scheme is presented. It was de-
veloped under the objective of maximum stability, robustness as well
as straightforward applicability within a CAD supported modeling en-
vironment. A novel temporal scheme based on interpolation in time,
developed for this kind of multi-grid technique, shows superior perfor-
mance compared to existing, extrapolation-based approaches. In addi-
tion, 3-D smoothing cubic splines are used for the spatial interpolation
to enhance stability. This scheme has proven not only to be greatly ro-
bust but also highly efficient, since it may be staggered without loosing
stability for refinements tested up to 1:32. The performance of the im-
plemented algorithm was benchmarked against high-resolution graded
mesh modeling, with results obtained by MoM and GMT as well as by
measurements. Furthermore, it has been demonstrated that the scheme
can be utilized for automated grid generation combining subgrids with
graded mesh within a state-of-the-art simulation platform, even for com-
plex geometric structures.

IN. Chavannes, J. Frohlich, H.-U. Gerber and N, Kuster, “A robust FDTD local re-
finement scheme for general application to enhanced antenna analysis”, IEEE Microwave
Theory and Techniques, 2002 - to be published.

2This chapter addresses the theoretical part of the algorithm, whereas benchmarks and
applications are presented in chapter 7.
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6.1 Introduction

Within recent years, the Finite-Difference Time-Domain (FDTD) method
has become the preferred technique for simulating a broad range of EM
applications. The simple, straightforward and explicit scheme originally
proposed by Yee in [1] has been greatly extended within pioneering efforts
performed in (2], [3] and [4]. The scheme can be easily applied to complex
problems, e.g., for antenna structures embedded within complex environ-
ments [5], [6], [7]. Nevertheless, restrictions in geometrical resolution due to
computational limitations generally prevent meeting real-world engineering
needs which often include highly detailed sub-objects within a largely ex-
tended space. In addition, the common Yee scheme represents a straightfor-
ward modeling of grid-non conformally aligned structures in a stair-stepped
(staircase) approximation. Such spatially coarse modeling can introduce
unacceptable errors, in particular for perfectly electric conducting (PEC)
geometries [8], [9], as well as for dielectric structures [10].

A broad variety of methods have been proposed to reduce staircasing
errors and to increase the mesh resolution within FDTD, including non-
homogeneous (graded) meshes, local modifications of the rectilinear grid as
well as subgrids.

Graded meshes [11], [12] are often applied to increase the FDTD grid
resolution locally. Although being an elegant solution, their usage shows
major disadvantages through waste of computational resources, since the
grading expands through the entire width of the 3-D mesh. Moreover, the
smallest cell used in the grid determines the global timestep which is applied
throughout the entire computational domain. Furthermore, the variable
mesh density introduces additional dispersion errors [13].

Improved efficiency is achieved by approaches which concentrate in-
creased grid resolution to specific regions in the computational domain
only. Schemes which modify the rectilinear FDTD cell structure, such as
non-orthogonal coordinate systems [14] or subcell techniques [15], lead to
strongly improved accuracy, but pose either high efforts in the grid genera-
tion or require a costly analysis of a complex object’s shape.

A more general approach is the introduction of a subgrid. Subgrids are
blocks of smaller mesh cells placed at specific locations of the computational
domain without modifying the global mesh within the remaining space. Here
the most crucial issue is the transfer of field information between coarse and
fine grids. Schemes based on the Helmholtz Equation [16], [17] show & high
efficiency, mainly for plane waves demonstrated on the basis of 2-D exam-
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ples. A 3-D approach (1:2 refinement) based on curl and source matrices in
the Finite-Integration (FI) technique [18] shows good behavior with respect
to stability but therefore requires a reduction of the timestep determined
by the Courant-Friedrichs-Lewy (CFL) criterion by a factor of 2. In [19] a
method based on Ampere’s law in integral form is presented which allows
any integer refinement factor as well as dielectric material traversing the grid
intersections. For a 1:3 refinement reflections from the subgrid boundaries
in the range of more than -35dB have been reported. In [20] an efficient sub-
gridding scheme applied to regions of different dielectric constants embedded
into each other is proposed. The algorithm is derived for two dimensions and
the refinement factor is determined by the ratio obtained for two adjacent
dielectrics.

Significant improvements with respect to generalized applicability are
achieved by methods based on spatial and temporal interpolation for the
data transfer between coarse and fine grids as presented, e.g, in [21], [22],
[23]. All three schemes provide good performance, however, [21] and [23]
report of reflections in the range of -50dB ([21], 1:3 refinement, A/10 cell
size) as well as reductions of the maximum CFL to about 0.7 and 0.5 for
grid refinements of 1:3 and 1:5, respectively. The schemes were tested and
demonstrated to be stable for different numbers of timesteps (ts) (22000 in
[21], 2500 in [23]). Excellent performance with respect to both low reflec-
tions and high stability is demonstrated in [22]. A nested mesh application
of this scheme presented in [24] to model antenna structures like dipoles and
helices shows errors up to 20% for certain configurations (A/2 dipole at f
= 900 MHz, A\/300 cell size, 1:16 refinement) in the closest vicinity of the
antenna. Although the scheme is highly practical for a variety of configu-
rations, [24] demonstrates an application range not particularly suited for
antenna near-field analysis.

The objective of this paper was not only to improve existing subgridding
algorithms with respect to performance but also to develop an algorithm
which can be utilized within a state-of-the-art modeling environment for
automatic generation of optimized grids.

6.2 Method
6.2.1 Spatial Interpolation Algorithm

The focus of the developed algorithm was on a smooth and stable transition
between coarse and fine grids. Another important criterion was applicability
within inhomogeneous material transitions. A small refinement factor of 2
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was not considered as a disadvantage, since subgrids can easily be stepped
sequentially or parallel when smooth and stable, leading to refinement fac-
tors of 2" with n € N'T which has been successfully tested for refinements
up to 1:32.

Interpolation

Figure 6.1: Arrangement of coarse grid, subgrid and spatial interpolation.

The best solution for temporal updating was achieved by a spatial posi-
tioning of the subgrid shifted by a quarter of the coarse grid’s cell dimensions
in each direction as proposed in [22], which leads to the smoothest transi-
tion, since all magnetic fields of the coarse as well as the fine mesh are
collocated in a way simplifying spatial interpolation. The mesh step does
not have to be modeled equidistant for the entire 3-D subgrid but for each
cartesian direction. Figure 6.1 depicts a detailed view of this setup with a
single subgrid cell placed into a 3 x 2 x 2 coarse grid structure while Ecoarse
and Ey¢ye are the electric field components in the coarse and the fine grids,
respectively. Hcoarse 80d Hjine indicate the corresponding magnetic field
components in the two coupled grids. For the exchange of information be-
tween the two grids a novel scheme is proposed. It uses the electric and
magnetic field components in the most external surface of the subgrid for
information transfer from the coarse to the fine grid. The magnetic field
components inside the inner subgrid region are used for the transfer in the
opposite direction.

For the determination of the E;ne-field components in the transition re-
gion, a 3-D cubic spline scheme was taken into consideration due to reported
low reflections [22]. For certain cases, particularly in the initial propagation
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stage, the basic interpolating cubic spline leads to over- and underestimated
values. A spline can be slightly smoothed to decrease the amount of mises-
timation and therefore further reduce instabilities:

SO =p X {5 - @) + (1-p) [ ') (6.1

where f(z) defines a cubic spline through a series of (x;,y;) data points. The
curve which minimizes S(p) is known as a cubic smoothing spline [25] with
p as smoothing parameter which controls the trade-off between minimizing
the residual error and minimizing local variation. Figure 6.2 illustrates a
possible situation with a series of four data points at z = 1, 2, 3, 4 and
corresponding field values y = 0, 0, 2, 1. While the interpolating cubic
spline leads to a strong underestimation in the range between z = 1..2, the
smoothing cubic spline (p = 0.98) reduces this underestimation of the base
values.
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Figure 6.2: 3-D Spatial Interpolation: linear, interpolating and smoothing
cubic splines.

In figure 6.1 for each spatial direction three corresponding Ecoarse cOmpo-
nents are used, which leads to a system of 27 field values for the interpolation
in this case. In order to simplify the interpolation algorithm and to speed
up the updating process, the procedure can be separated into 1-D, 2-D and
3-D interpolations as shown in figure 6.3. The magnetic H ;e components
which are located in the inner transition region are determined by applica-
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tion of 1-D or 2-D cubic splines on the correlated Heoarse-field components,
depending on their position.
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Figure 6.3: Interpolation method used depending on position of component.

6.2.2 Temporal Updating Scheme

Since the updating frequency in the subgrid is twice the one in the coarse
grid, there will be some missing temporal information in the common FDTD
updating scheme. Most of the proposed subgridding schemes use a temporal
extrapolation to determine this information, since due to high refinement
factors the missing components cannot be assessed from the coarse grid.
Here a novel approach is presented which uses field data from the coarse grid
at the current, past and the following time step to perform an interpolation
in time. Figure 6.4 shows the detailed sequence of a full updating cycle.
The determination of the temporal missing Hfine components at ¢t =n — %
is shown in figure 6.5. For all cases where no PEC material traverses the
transition region, a reduction factor of 0.95 dtmqe allowed by the Courant
criterion leads to stable solutions; otherwise a value of 0.9 was applied.

Steps performed at t = n:

1. Update of Ecogrse at t = n and Heparse components at ¢t = n + %— by
basic Yee algorithm.
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13.
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Apply spatial interpolation to determine all Ef;ne as well as Hyine
components in border region (fig. 6.3, dotted).

Save Efine and Hjine-fleld components located on surface for later use

in step 4. P

Determine Efine at t =n— — by 2nd order Taylor expansion using the

Efine 8t t = n and from prev1ous cycles at t = n — 1 andt=n—2.

Follow the same procedure to assess Hyne 8t t =n— Z using H fine 8b
=n+ 5 and from previous cycles at t =n — Z andt=n-— 5

Compute Hy;pne in border region at t =n — — by Yee algorithm using
Efine from step 4, Efine saved at t = n— l and Hgine saved at t = n—%

Average both values for Hyyne at t = n — 21{ obtained within the last
two steps using the factors optimized as described later in section
5.2.4, i.e., 0.349 and 0.651 for H-field interpolated values and indirect
determination via the E-field, respectively.

Steps performed at t =n + ;1f:
Apply Yee algorithm to compute all H g fields.
Save Hj;ne in border region (figure 6.3, dotted line).

Interpolate and store Heoarse located inside the fine grid (circles and
thin arrows in figure 6.3) at t = n+i from two collocated H ;e values.

Steps performed at t =n + %:

(Yee updating of the Heogrse components has already been performed
in step 1).

Update Eyqpe fields by Yee algorithm.

Store all Ef;ne components located in the border region.

Steps performed at t =n + %:

Update all Hy;p, fields by the Yee algorithm.
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14. The Hoperse components located inside the fine grid (circles and thin
arrows in figure 6.3) are updated at ¢ = n+—%— with the field information
from the fine grid (stored in step 8 and from current step).

t=n t=n+1/4

DE ”f: g, gt gt Yﬁ H2 7) PLEN AR ‘ﬁ pirta

spac. interpolate -
1 Lo
HE > e org 3 HT

N save
spac. interpolate L, 8 hnﬂxd > hn+1/4
> e ) bord

spac, interpolate, save

N+1/4 n+34
save save Nh > H b
) Nz sub
3 eas P T R LYo
= 2
ey ) i iempy interpolate a7 . t n+1/2
D0 et w0 > O owt g nonz 8 o) ¥
temp interpolate (10) E" H > H )

#2312 1374 w172 1i:17di M
B s gk bord L g fr e X
l 1) eﬂv hnﬂ 4 > e(N’Ir;

. Yee y
an 504 B
S et m s e 12) "1 sf;“ 12
bord
s D AR unia
6) Vpseds h ) botd > h Bord t = n+3/4

13) euﬂ,’z hn+l'4 Y;C hnﬂv‘d

4 s PPAC / lemp, interpolate
149)H cob o 1 >

*already performed in step 1)

Figure 6.4: Detailed sequence of steps for a full updating procedure in the
FDTD coarse and fine grid.

6.2.3 Special Treatment of Traversing PEC Materials

For the spatial interpolation in the transition region the spline scheme uses
a set of three FEepgrse components in each direction. For traversing PEC
materials a special treatment of the interpolation algorithm has to be per-
formed if at least one of the components is located inside the conductor.
Therefore all affected components are determined using a slightly modified
spline interpolation scheme which performs a 2-D or a 1-D spline interpo-
lation depending on the localization of the cell for a virtually introduced
E¢ine component while including only those Egeqrse components which are
not located inside the condncting material as depicted in figure 6.6.

6.2.4 Integration Into a TCAD / Automeshing Environment

Any local refinement scheme is of limited application if it cannot be ef-
fectively integrated within and supported by an ergonomic user interface.
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Figure 6.5: Temporal updating scheme: determination of missing pn—1/4
componert.

Only the combination of the three entities TCAD, Subgrid and Automeshing
form the powerful instrument needed to make full usage of the described ad-
vanced FDTD modeling capabilities. Therefore the scheme was integrated
into and combined with the simulation platform SEMCAD. SEMCAD is
continuously improved and extended by a Swiss Consortium composed of
two academic institutions (Integrated Systems Laboratory (IIS), ETHZ and
IT’IS) as well as two commercial companies (Schmid & Partner Engineering
AG (SPEAG) and Integrated System Engineering (ISE) AG). The platform
is based on the state-of-the-art ACIS® 3-D based solid modeling environ-
ment featuring semi-automated generation of non-homogeneous meshes as
well as fully automated material assignment. The CAD environment enables
a grid independent positioning, tilting and moving of objects without any
restrictions to a predefined resolution or grid configuration.

6.3 Reflection and Stability

6.3.1 Reflection from Boundary

The reflection at the subgrid - coarse grid interface was determined for a
plane-wave traversing the subgridding region. Therefore a subspace consist~
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Figure 6.6: Application of modified interpolation schemes for PEC struc-
tures traversing the subgrid - coarse grid boundary.

ing of 31 x 31 x 23 fine cells was placed inside a coarse grid computational
domain extended about 0.5A x 0.5\ x 1A in the x, y and z directions at
frmaz =10 GHz with a minimum mesh step of Apmin/60. This setup is illus-
trated in figure 6.7 (shown for 1:16 subgrid transition). In order to observe
the reflections from the subgrid boundary, a fleld sensor was placed at a
three cells distance from the transition region used for spline interpolation.
For the excitation, a gaussian sine pulse with a bandwidth B = 10 GHz was
applied to a simulation including the subgrid as well as to a reference calcu-
lation where the subgrid was deactivated. In figure 6.8 the reflection from
a 1:2 subgrid transition is depicted for the selected frequency range within
10 GHZ. The type of interpolation applied in the scheme leads to very low
reflections of < -70 dB even at higher frequencies.

6.3.2 Stability Considerations

One of the major issues with respect to subgridding schemes is stability. The
abrupt spatial and temporal transition between the two intersecting grids
prevents the application of the Yee scheme throughout the entire compu-
tational domain, which does not satisfy the CFL condition. Furthermore,
all errors introduced by inter- and extrapolation in time and space for the
determination of missing components in the interface region are summed up
in the iterative leap-frog updating process, which could lead to instabilities,
i.e., the methods are conditionally stable. Due to the highly complex up-
dating scheme of the presented algorithm and of 3-D subgridding schemes
in general, an algebraic derivation has not yet been ruled out and will be
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1:16 subgrid fransitlon

* fleld sensor

Figure 6.7: Reflection from subgrid interface for plane wave excitation:
multi-grid transition (1:16) embedded into base-grid.

subject to future investigation. A meaningful investigation on general sub-
gridding and stability is only presented in [26] for the spatial scheme of a 2-D
subgrid based on a simple interpolation approach. However, the influence
of corners and edges in the 3-D space cannot be covered by 2-D stability
analysis.

In order to derive a stability criterion for the presented scheme, each of
the 13 sub-steps within an updating cycle can be formulated as a relation
between Yee field values at two following sequential timesteps either valid
inside or outside the subgrid region, which will lead to a product of different
matrix terms. Via Fourier mode analysis the corresponding amplification
matrix has to be derived. To ensure stability of the system, all roots of the
characteristic polynom derived from the amplification matrix must be less
or equal to one. An extensive discussion of this procedure is found, e.g., in
[27] for the case of a 2-D problem using different time stepping schemes. A
detailed description of the appropriate procedure can be found in [28] and
[29]. The derivation of the charcteristic polynom for the method presented
within this study obviously leads to a highly complex system for which the
solution is beyond the scope of this paper.

However, by application of temporal interpolation instead of extrapola-
tion for the determination of missing components as discussed in section
6.2.2, stable solutions were achieved for up to 20000 timesteps using a
slightly reduced CFL by a factor of 0.9. Further improvement was achieved
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Figure 6.8: Reflection from a 1:2 subgrid region assessed within a 10 GHz
frequency range.

by application of the smoothing cubic splines for spatial interpolation. The
remaining tendency to instability occurred due to a slightly divergent com-
putation of E- and H-field components in the vicinity of the subgrid bound-
ary within the main grid. The temporal interpolation procedure described
in section 6.2.2 performs an averaging procedure in step no. 6, weighting
the influence of missing electric and magnetic field values determined in the
previous steps 4 and 5. This indirectly specifies the order of discontinuity
within the intersection region between the two grids. By experimental opti-
mization, the averaging factors for the H-field values directly determined by
interpolation (h;:_l 4) and indirectly calculated via the E-field and a follow-

ing Yee update (h?_l/ 4) were assessed. Two configurations signifying low-
and high-level challenge with respect to subgridding have been applied for
the optimization process: a plane wave traversing the subgrid and a dipole
antenna where the PEC monopoles traverse the subgrid boundary. Optimal
behavior was found for the following factors:

n—1 n—l n—1
Pporder = 0.651he * +0.349h, * (6.2)
where hg;‘},g‘ corresponds to the H-field values located in the boundary
region, initially missing at ¢ = n — 1/4. By application of these factors
no tendencies to instabilities were observed, even for testing up to 100000
subgrid - main grid timesteps.
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6.3.3 Grid Nesting Capability

The algorithm presented in this paper allows the easy and robust nesting of
meshes, i.e., subgrids may be arbitrarily placed (sequential and parallel) and
arranged into each other in order to achieve higher refinements for selected
regions. The applied CFL timestep reduction factor of 0.9 can thereby be
kept constant in the main grid, while for every followed nested grid the
timestep is halved. This enables retention of the timestep in the main grid
- which normally consists of the most mesh cells - almost at its maximum
value. For the assessment of the reflection from such nested subgrids, 4
grids have been sequentially interleaved using a 4 and a 6 mesh cell distance
from one grid to the next. Figure 6.7 shows a specific setup where the field
sensor determining the reflections is placed just in front of the most outer
subgrid. Except for the nested subgrids all mesh and simulation parameters
are identical as the setup described in section 6.3.1.

o T ' T ! T ! ! T T

B
]

IReflectionl in dB
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= = 1,16 Qrid Refinement
-+ 1:16 Qrid Refinement, 4 Cells

4 5 8 ‘7 é é 10
Frequency In GHz
Figure 6.9: Reflection from the presence of nested grids for the cases of 1:8

and 1:16 refinement using 6 mesh cells between the grids and a decrease to
4 cells between the interleaved grids.

Figure 6.9 depicts the reflection from the subgrid - coarse grid boundary
for refinements of 1:8 and 1:16 as well as for 4 and 6 cells between each
grid using a 1:16 refinement. Removing the most inner subgrid for the 1:8
transition shows a significant effect only in the lowest frequency range up to
1 GHz. Positioning the grids closer to each other shows a slight increase of
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the reflection by about 2dB, mainly at higher frequencies. In general very
low reflections < -65dB are obtained in this broad frequency range for such
high mesh refinement factors, which clearly demonstrates the mesh nesting
capabilities of the demonstrated subgrid scheme.

6.4 Conclusions

A novel three-dimensional subgridding scheme for FDTD has been pre-
sented. It applies smoothing cubic splines for the 3-D spatial interpolation,
greatly reducing reflections from the interface boundary. Furthermore, a
novel temporal scheme based on interpolation in time leads to enhanced
stability and robustness, compared to existing extrapolation based tech-
niques. The scheme has proven to be robust without tendencies to insta-
bilities above 100000 subgrid - coarse grid timesteps using a just slightly
reduced CFL number of 0.9. Low reflections in the range of < -65dB are
obtained for high mesh-nesting ratios of up to 1:16. Based on a broad vari-
ety of benchmark examples presented in chapter 7 of this thesis, the scheme
demonstrates its general applicability for PEC or lossy dielectric materials
traversing the subgrid boundary. Using a sequential and/or parallel nest-
ing of low reflecting 1:2 schemes enables a straightforward application of
this technique, providing high suitability for automated grid generation em-
bedded in user-friendly CAD environments, even in the case of complex
real-world engineering problems.
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Chapter 7

Benchmarks:
Antennas Embedded in
Complex Environments

Abstract This chapter presents a variety of benchmark examples in the
field of antenna design and dosimetry. In the first part, mainly helical an-
tennas are addressed and represented in detail and with increasing mod-
elin%l complexity, by application of the subgridding technique presented
in chapter 6. Furthermore, the definite advantages of local refinement
schemes for reduced computational requirements are demonstrated.

7.1 Benchmarks

7.1.1 Helical Antenna on PEC Ground Plane

The subgridding scheme was first tested against a benchmark published
in [1]. Examined is a normal-mode monopole helical antenna over a PEC
ground plane. The dimensions are summarized in table 7.1 and figure 7.1.

In order to perform an appropriate representation of the helix, a 1:4 (2
nested grids) subgrid transition was applied. For the most inner subgrid
a high resolution of 0.19 mm was used, which enabled modeling the helical
wire with a four cell diameter. The first and second subgrid consisted of
1.1x10% and 330x 103 cells, respectively, whereas for the main grid a graded
mesh (Aspin = 0.76 mm®, ASmaz = 7mm?, ratio = 1.2) was used, which
lead to about 650x10° cells.

1Thig chapter addresses the benchmarks and applications part of the subgridding al-
gorithm presented in chapter 6.
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Figure 7.1: Helical antenna mounted on PEC ground plane operating in
normal-mode: CAD model and FDTD grid (1:4 subgrid - graded mesh)

Figure 7.1 depicts the CAD model of the helical antenna placed on a
ground plane embedded into a 1:4 subgrid as well as a detailed view of the
discretized antenna tip section. Without application of the subgrid, the
use of only a graded mesh (same parameters as for subgrid case) leads to
1.1x 108 grid cells, which increases the computational runtime by a factor of
about five.

Within the simulation, the PEC ground plane was modeled floating with
respect to the absorbing boundary (AB) to simulate a ground layer of infinite
extension. The distance from the antenna to the AB was about A/4 at the
frequency f = 450 MHz. The source was placed into a small gap of 0.19 mm
in height, located between the ground plane and the helix feeding wire. The
excitation itself is modeled by a resistive voltage source as proposed in [2]
with an internal source resistance of 50€2. To assess broadband frequency
domain information, a gaussian sine pulse with a bandwidth B = 200 MHz
was applied. For this case the simulation reached steady state after 30ns
(90x10? timesteps (ts) in 1:4 subgrid). All simulations were bounded by
a perfectly matched layer (PML) [3] absorbing boundary condition (ABC)
with a layer thickness of 8 cells.




Table 7.1: Dimensions of the normal-mode helical antenna.
Parameters Dimensions
Number of turns n 12
Diameter of helix D 7.34 mm
Radius of helix wire a 0.38 mm
Height of helix A 50 mm
Gap between helix and ground plane g 5 mm
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Figure 7.2: Comparison of the return loss for a helical antenna operating
in normal-mode computed with FDTD using subgrids to measurements as
well as results obtained from simulations performed with GMT and MoM.

The FDTD simulations were compared with results reported in [1]. They
were obtained by applying the GMT-based 3D Multiple Multipole (MMP-
3D) code [4], the MoM based Numerical Electromagnetics Code package
NEC-Win Professional [5]. For the experimental impedance characteriza-

tion, the antenna was mounted on a copper ground plane of 1m?, whereby
the nearest object was farther than in 2m distance. The measurements were
conducted with the Network Analyzer Agilent 8753C S-parameter test set.

Figure 7.2 shows the return loss with respect to a 50§} reference of
the measured and simulated helical antenna within a frequency range from
350MHz to 550 MHz. The simulations using FDTD properly match the
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resonance frequency. In general, the agreement of all three numerical tech-
niques is within the uncertainties of the experimental setup. For the GMT
model, the slight shift in the resonance frequency might be due to the use of
a slightly smaller diameter than present in the physical helix by application
of a thin wire expansion as a basis function. In MoM, the tangential H-field
is modeled to be symmetric at the annular of the wire which is not true if
electromagnetic coupling occurs in the immediate vicinity of structures like
the helical wire. This might cause the prominent frequency shift observed.

7.1.2 Helical Antenna on Generic Phone at 900 MHz

The second more complex benchmark was the generic phone equipped with
a helical antenna as defined in [6]. Figure 7.3 shows the physical phone and
its numerical CAD model used within the FDTD simulations.

physical model interior structure CAD model

&
FF
E: 4

Figure 7.3: Generic phone equipped with helical antenna: physical (left),
interior structure (middle) and CAD model (right) used within FDTD sim-
ulations.

The dimensions of the box were 40mmx16 mmx140mm. The axial-
mode helix had 7 turns with a diameter of 6.4 mm and a pitch angle of of
7.2°, whereby the feeding wire was 5 mm long and the helix wire cross-section
was 1.3 mm in diameter.

Surface waves on the cable were suppressed by a A/4 stub as well as
ferrites. The feedpoint impedance was measured by the network analyzer
(Agilent 8753E). The dosimetric evaluation was performed using DASY4
(Schmid & Partner Engineering AG, Zurich) according to EN50361 [7]. The
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standard uncertainty for these evaluations was determined to be £12% [8].

Figure 7.4: Helix located in 1:2 subgrid region.

Figure 7.4 depicts a detailed view of the helix model located inside a
1:2 subgrid with the discretized structure shown in a specific slice. Using
a homogeneous subgrid resolution of 0.325 mm?® in the region of the helix
enabled a detailed representation of the helical cross wire section by 4x4
cells. For the free space computation domain extended by 1.2\ in each
direction, a non-homogeneous mesh with a maximum step of 8 mm (ratio
= 1.2) was applied. As reference calculation a computation using the same
grid parameters but without integration of the subgrid was performed. The
computation space was bounded by 8 layer PML. The discrete source was
placed into a gap of 0.325 mm extension in the feedpoint region between the
PEC box and helix feeding wire. The excitation is modeled as discussed in
section 7.1.1 by a resistive voltage source (50§2) and was excited using a
broadband gaussian sine pulse.

In addition to the validation of the subgridding scheme, the influence of
modeling and meshing detail on the obtained results was assessed. Therefore
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two helices, round and square shaped, were modeled which consist only of
single edges in wire diameter instead of multiple cells. The helical wires
were modeled at the same electrical length as performed for the subgrid
calculation. All additional grid parameters were kept constant compared to
the subgrid model.

The two simulations result in identical impedances (figure 7.6). They
also correspond well with the measurement values. This is also verified
in figure 7.5 which shows a 2-D error distribution for the electric and the
magnetic field compared to the reference solution in a plane which intersects
the antenna’s feedpoint region. The comparison of this near-field area reveals
very low deviations of less than 0.05dB in most of the regions observed for
both field types. The percent error of the absolute E-field for ¢- and 6-
component in the far-field is better than < 0.5 %.

As expected, the non-accurate geometrical representation of the antenna
leads to different results, which would not only have a significant effect on
the impedance but also in the near-field of the antenna. This is of greatest
importance if any scatter is within that region, e.g., a human hand or a
head.

Deviation E-field Deviation H-field I Error | [dB]
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Figure 7.5: Error distribution of subgrid for electric and magnetic field com-
pared to the reference solution in a plane intersecting the helical antenna.
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Figure 7.6: Comparison of feedpoint impedance for reference, subgrid and
thin helix calculations to measurements.

7.1.3 Generic Phone - SAM Phantom

In order to validate the subgridding scheme and its applicability within
non-homogeneous environments implying enhanced complexity as well as
subgrids traversing material boundaries, the generic phone was simulated
in the standard positions next to the Specific Anthropomorphic Mannequin
(SAM) standard phantom defined in [9] and [10] (figure 7.7). The phantom
shell was represented with €, = 3.5. The interior is filled with head tissue
simulating liquid at 900 MHz, i.e., using €, = 41.5 and o = 0.97.

One 1:2 subgrid was applied to achieve an identical grid resolution and
number of cells as well as geometrical detail of the helix as in benchmark
3. Including the generic phantom the whole base-grid computation domain
consisted of about 4x 108 cells, whereby a graded mesh (Aspn = 0.65 mm?,
Asmaz = 10mm?, ratio = 1.2) was used.

In table 7.2, the results for the measured (M) and simulated (S) spatial
peak SAR values (f = 900 MHz, normalized to 1 W input power) for the
touch and 15° standard test positions and averaged over 1g are summarized.
Very good agreement is obtained for the touch position, which might result
from the cancellation of simulation and experimental errors; however, the
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Figure 7.7: Helical antenna on generic phone placed within subgrid region
close to SAM phantom model.

maximum deviations for both standard positions are within the uncertainty
of the simulation and the tolerances of the measurement system. Figures
7.8 and 7.9 show the measured and simulated feedpoint impedance for both
standard positions in a 300 MHz frequency range. Whereas the sensitive
imaginary part shows slight deviations from the measured data, in general
for both parts good agreement is obtained.

Table 7.2: 1g averaged SAR in touch and 15°-tilted position
[Type | SARa [W/kg] [ SARs [W/kg] | Diff [%] |
1gT0uch 9.72 9.65 -0.72
18 Titted 11.90 13.60 +14.2
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Figure 7.8: Feedpoint impedance in touch position.
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Figure 7.9: Feedpoint impedance in 15° position.
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7.2 Discussion: Computational Efficiency

Commercial devices and equipment usually include structures which are
considerably smaller than those of benchmark problems. Although these
structures often do not significantly affect electromagnetic performance, it
is generally impossible to exclude the occurrence of modeling influences a
priori, for which reason highly detailed simulations are often desired. A
typical example of the degree of detail needed is the analysis of real-world
transmitter structures given in [11]. Furthermore, functional details of com-
pact antennas embedded in a computational domain spatially expanded by
several wavelengths may require resolutions smaller than 1074\

Figure 7.10: Enhanced modeling by application of a combined nested sub-
grid approach embedded within graded mesh.

Such an example is given by a bifilar antenna presented in [12], [13]
mounted on a generic phone and placed next to the ear of a nonhomoge-
neous head model [14] as shown in figure 7.10. The 100um structure can be
simulated with only 5 x 108 cells in the main grid by application of a nested
1:4 subgrid combined with graded mesh (innermost subgrid had a high res-
olution of 0.1 mm3; outer subgrid is composed of 190 x 10% mesh cells; main
grid is graded from 0.4mm up to 8mm). The comparison between this
enhanced approach and a common graded mesh as well as a homogeneous
modeling with respect to computational requirements is shown in table 7.3.
For a harmonic simulation at 2.4 GHz, steady state was reached after 30 pe-
riods, which corresponds to about 60 x 10? coarse grid - subgrid timesteps.
The time indication in table 7.3 is related to LINUX on an Intel P4 1.7 GHz
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architecture.

In some cases, high spatial resolution is not only required in a single sub-
volume of the computational domain but within several independent ones.
For such particular situations, graded mesh would not provide a significant
reduction of computational expenses. A related example is shown in fig-
ure 7.11, evaluating the coupling effect between animals of different sizes
embedded within an exposure chamber for bioexperiments [15]. By parallel
application of four nested 1:4 subgrids, the animals were modeled with a high
resolution of 0.5 mm. For this case, 4.9 x 10% homogeneous 2mm grid cells
are used within the main grid. The estimated computational expenses shown
in table 7.4, compared to pure graded and homogeneous mesh, demonstrate
that this example could not be numerically analyzed using common FDTD
schemes due to missing or non-affordable computational resources.

Table 7.3: Memory and runtime requirements for the human head - minia-
ture antenna model (LINUX on Intel P4 1.7 GHz).

Type Base-Cells | Memory Time
Sub 1:4 5x10° | 650MB 14h
Graded 20 x 10° 2.5GB ~ 6 days
Homogeneous | 11 x 107 | ~ 1.5TB | & 1.5 years

Table 7.4: Memory and runtime requirements for different methods to
achieve an animal model resolution of 0.5mm (LINUX on Intel P4 1.7 GHz).
I Type l Base-Cells ] Memory [ Time ]

Sub 1:4, 0.5 mm 4.9x10° | 1.5GB 2 days
Graded, 0.5-5mm | 150 x 10° 19GB =~ 40 days
Homog., 0.5 mm 310 x 10% | ~ 40GB | ~ 3months
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diameter: 510mm

height:
120mm

grid resolution:
— 0.5mm

Figure 7.11: Combined multiple 1:4 subgrid - homogenoeus mesh: setup for
bioexperiments including high resolution animal models.
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Chapter 8

RF Design of Mobile Phones
by TCAD: Suitability and
Limitations of FDTD

Abstract This paper discusses the general suitability and possible limi-
tations of an enhanced Finite-Difference Time-Domain (FDTD) simula-
tion environment for straightforward and efficient RF design of complex
transmitters. The study was conducted using one of the latest commer-
cially available multi-band mobile phones. Simulations were conducted
in free space and with various dielectric loads, whereby different param-
eters were evaluated such as impedance, efficiency, far-fields, as well as
near-field distributions of E- and H-fields and the Specific Absorption
Rate (SAR). The results are compared to measurements obtained with
the latest tools available. In addition, mechanical design issues which
show a significant influence on the electromagnetic (EM) field behavior
could be predicted by simulations and were experimentally reproduced.
The obtained accurate prediction of all essential performance parame-
ters by straightforward simulations suggests that state-of-the-art soft-
ware packages are suitable for device design in industrial research and
development (R&D) environments with hardly any limitations, provided
the availability of excellent and flexible user interfaces and the applica-
bility of graded meshes combined with robust subgrids.

IN. Chavannes, R. Tay, N. Nikoloski and N. Kuster, “RF design of mobile phones by
TCAD: suitability and limitations of FDTD", IEEE Antennas and Propagation Magazine,
2002 - to be published.
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8.1 Introduction

The last two decades have shown tremendous growth within the mobile
telecommunications equipment (MTE) sector. Furthermore, consumers have
put high demands on excellent product quality combined with low pricing.
Due to increasing competition and rapid market expansion, the life cycles
of the products themselves and hence device development cycles are getting
shorter. In addition, new requirements have recently been introduced, such
as mandatory safety guidelines defined by the regulatory agencies [1], [2], [3],
[4]. The market might demand even more efficient devices due to increased
public concern about possible adverse health effects of radio frequency (RF)
exposure.

These new challenges for RF engineers clearly call for new analysis and
optimization tools. Technical computer aided design (TCAD) is the answer
provided such that these tools can be applied to real-world designs in a
straightforward user-friendly manner. The needs are obvious:

¢ import and easy manipulation/modification of standard mechanical
CAD data formats

e casy and accurate composition of different complex objects (consisting
of hundreds of different subvolumes), i.e., different positions of & mobile
phone at the human head

e resolutions of a few um within relatively large environments (m)

¢ handling of PEC structures embedded in dielectric and lossy mate-
rial/objects as well as the provision of lumped elements

e computation of all relevant parameters such as feedpoint impedance,
radiation pattern, efficiency, heat distribution, etc.

o efficient model generation, short result return time, uncertainty assess-
ment, result visualization which is directly comparable to measured
results

e semi-automated optimization by genetic algorithm (GA)

Various numerical methods have been developed and applied for the anal-
ysis of antennas, e.g., the Method of Moments (MoM), the General Multipole
technique (GMT), the Finite Element method (FE), and the FDTD method.
Although some of these algorithms are well suited for the design of basic or




129

very specific antennas, the general application to structures embedded into
largely non-homogeneous and lossy environments is impossible or very dif-
ficult. The relatively crude and computationally costly Finite-Difference
Time-Domain (FDTD) technique has gained growing interest because of its
robustness, suitability to handle complex problems composed of any number
of subvolumes and general independence from material composition. The
exponential grow of computer performance as well as various enhancments
of the technique [5, 6, 7], originally presented by Yee (8], has made FDTD
the most popular and most widely applied technique [9, 10, 11]. However,
the severe limitations of FDTD have been:

1. Real-world problems often consist of small technical structures embed-
ded in a relatively large computational spaces. An example would be
unintended capacitive coupling between eletromechanical components,
display, battery and RF shields inside a mobile phone which is oper-
ated in close proximity to a human head. These structures may have
dimensions of only a few pm, whereby the computational space may
reach one meter or more. Only the latest progress in a combination of
graded meshes with subgrids can enable FDTD to handle such struc-
tures. Previous studies required simplifications such as rectangular
metal boxes equipped with monopole or dipole-like structures. Pio-
neering efforts in helix modeling were mainly performed by staircased
wire approximations due to missing tools [12], (10}, [13], [14].

2. The restrictions to rectangular grids can result in unacceptable un-
certainties due to the stair-stepped approximation of curved or grid
non-conformally aligned structures [15], [16], in particular for complex
MTE - head configurations [17]. Whereas certain studies have approx-
imated the entire internal structure of CAD derived mobile phones by
single PEC blocks [18], [19], the inclusion of specific interior parts was
reported, e.g., in [20] by application of grid resolutions of about 1 mm.
The investigations presented within this paper clearly point out the
importance of an appropriate modeling including significant internal
MTE structures modeled with highly refined FDTD mesh.

3. Although generation of the FDTD grid is trivial compared to grid
mesh generation within other methods, e.g., FE, an optimized grid can
significantly reduce computation time and accuracy of results. Some
software packages operate on a predefined grid; others do not allow
the handling of objects composed of hundreds of polyhedra or do not
support the user with grid optimization [21]. Mainly for the analysis
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of fine and detailed structures like antennas used in MTE which are
embedded within largely extended spatial environments, the use of en-
hanced modeling schemes is highly recommended [22]. High efficiency
is thereby achieved by the combination of optimized graded mesh [23]
and local refinement schemes.

The objective of this study was to evaluate whether FDTD based tools
can be utilized for supporting RF engineers in the design of mobile phones.
This clearly demands that not only the outer shape of the device is simulated
but all embedded electromechanical components which are RF relevant as
shown in figure 8.1 and requires resolutions down to 100 um or less. The
quality of the simulation is validated with measurement results utilizing the
latest near-field measurement technology.

8.2 Mobile Phone

Physical phone

Figure 8.1: Motorola T250 phone: physical model (top) and its numerical
equivalent used for the FDTD simulations (bottom).

The phone selected for this study was one of the latest commercially
available tri-band phones (GSM, DCS, PCS), namely the T250 of Motorola
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Inc. For the purpose of this study, two samples of the phone were purchased
in Zurich. The first model was used only for measurements; the second
was disassembled and optically examined. The product was designed at
Motorola Inc. using the ProEngineer CAD platform. The CAD dataset was
consequently exported in STL format for the purpose of modification and
modeling within SEMCAD. In this paper the results of only the two main
bands are reported, namely GSM and DCS.

8.3 Numerical Method

For all performed simulations the FDTD based platform SEMCAD was used
[24]. SEMCAD is the internal simulation platform applied within our re-
search group for research in electromagnetic computations which has also
been commercialized by Schmid & Partner Engineering AG (SPEAG). It
is continuously improved and extended by a Swiss Consortium composed
of the Institute for Integrated Systems (IIS) of ETHZ, IT'IS, SPEAG and
Integrated Systems Engineering (ISE) AG. The solid modeling environment
is based on the state-of-the-art ACIS®Y modeling toolkit and allows the gen-
eration of complex 3-D objects as well as the import of whole CAD datasets
in various formats. This CAD environment enables free positioning, tilting
and moving of objects without any restrictions to a predefined resolution or
grid configuration. In addition, a large database of non-homogeneous human
and animal phantoms as well as standard phantoms widens the application
range to dosimetry related investigations.

The postprocessing engine enables an extraction of time and frequency
domain data from the near- and far-fields. In addition, the combined plat-
forms SEMCAD and DASY4 (see section 8.4) allowed a direct comparison
of numerical and experimental data within the same postprocessing envi-
ronment.

The kernel provides 3-D full wave simulation and incorporates all state-
of-the-art FDTD related features, such as the latest absorbing boundary
conditions (ABCs) as well as various source/excitation types. Furthermore,
a number of algorithms were implemented enabling improved representation
of grid non-conformally aligned dielectric and PEC structures and enhanced
precision through phase velocity correction for non-homogeneous meshes.

Moreover, the kernel was enhanced by a novel subgridding scheme pro-
posed in [25] and integrated into the SEMCAD simulation platform, com-
bined with semi-automated grid generation. Due to the use of 3-D cubic
splines for the spatial interpolation of EM field values between the coarse
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and the fine grid, very low reflections are obtained at the subgrid interface
(=-110dB for grid step of A/300). Contrary to common local refinement
schemes, it applies improved temporal interpolation scheme instead of incor-
porating extrapolated field data. This leads to high robustness and stability
(> leb5 time steps) of the method and makes it convenient for a broad range
of applications. To further reduce reflections from the transition boundary,
a basic refinement factor of two was chosen, which does not diminish the
applicability of the scheme since the subgrids can easily be stepped into each
other in a sequential or parallel way. This nesting capability was successfully
tested for refinements up to 1:32.

Since the mobile phone CAD dataset consists of very detailed parts such
as PCB layers and a helical antenna with a minimal spatial extension of
100 ym, & common graded mesh approach would lead to a large number
of Yee cells for the computational space, particularly when placed beside a
human head model. Therefore, in order to reduce the computational require-
ments to a tolerable level, the use of these enhanced modeling techniques
was unavoidable.

8.4 Measurement Technique

The measurements were conducted by application of the near-field scanning
system DASY4 (Schmid & Partner Engineering AG, Switzerland), which is
the forth generation of the system described in [26] as shown in figure 8.2.
The scanner was equipped with the latest probes providing the required
isotropy, semsitivity and spatial resolution (see Table 8.1). The phantom
used was the Twin SAM [27] which has been recently standardized for an-
tenna performance characterization by various organizations. The probes
and the system were calibrated according to [28], {29].

8.5 FDTD Modeling

8.5.1 Implementation of Phone

The first important step was to import the CAD dataset which was provided
in STL format. In order to distinguish the individual pieces and to enable
an assignment of the different material properties, each subfile was imported
separately. The dataset consists mainly of electromechanical parts such as:

e triple band antenna
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Figure 8.2: Automated dosimetric assessment system DASY4: free space
measurement. of mobile phone.

e PCB

e shields

e LCD and its holder

e lenses and housing parts

e keypad and buttons

e battery and battery contact

e connectors
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Table 8.1: DASY4 probes employed for the experimental evaluation. The
dynamic range was equal or larger than 0.1 - 3 GHz and the linearity better
than 4+0.2dB for all probes

probe dia- dynamic dev. of | dev. of

type meter range axial spherical
isotropy | isotropy

[mm] [dB] [dB]

ET3DV6 | 6.8 | 2uW-0.1W/g | <£0.05 | <+£0.20

1374

EF3DV2 3.9 2-1000 V/m | <£0.05 | <£0.30

4004

H3DV6 50 | 0.01-2A/m | <£0.12 | <£0.20

6060

ground layer
dielectric layer

Figure 8.3: Numerical PCB structure consisting of 2 dielectric and 3 PEC
layers as well as the interconnecting vias.

The phone was oriented with the PCB conformally aligned with an
FDTD primary grid plane in order to reduce staircasing effects for the largely
extended PEC structure. Whereas the basic dielectric parts like housing and
buttons were maintained as imported into the FDTD platform, special at-
tention was drawn to particular pieces which significantly influence the EM
field behavior. The mechanical PCB part originally consisted of just one sin-
gle PEC block; this had to be changed in order to represent internal losses
due to the dielectric layers. Five separate layers were created: two dielectric
ones which are embedded into three PEC ground layers. The grounds are
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connected to each other by 50 vias (1 mm diameter) which are uniformly
distributed over the entire PCB area. Figure 8.3 illustrates a detail of the
PCB structure where part of the upper ground layer was removed to visu-
alize the vias. The PCB ground and dielectric layers were modeled at a
thickness of 110 um and 450 um, respectively. A representation of the PCB
structure incorporating additional components and details like conductor
paths, cabling, ICs, etc. has not been performed.

All metallic parts are modeled as perfectly electric conductors, i.e., the
affected components in the primary Yee grid are defined as equal to zero,
which is acceptable at the observed frequencies (902 MHz, 1747 MHz). The
dielectric components are represented within the FDTD simulation using
the material parameters summarized in table 8.2. These parameters corre-
spond with measured data provided by the manufacturers of the different
electromechanical parts.

Table 8.2: Main dielectric parts of the mechanical CAD dataset and corre-
sponding material parameters.

Part [ e [0[2]]
antenna bushing | 2.5 | Je-3
antenna cover 25| 3e-3
PCB dielectric 4.5 | Te-2
LCD glass 4.5 | le-2

LCD dielectric 3 le-2
IrDA dielectric 3.5 | 2e-2
housing 3.5 | 2e-2
keypad/buttons | 3.5 | 2e-2

8.5.2 Source Representation

In order to achieve proper excitation of the mobile phone structure, a source
region was modeled which corresponds to the excitation of the physical
phone. Figure 8.4 depicts the detailed setup in the CAD environment.

To achieve an electric separation from the antenna to the PCB, a small
region of the upper PCB ground layer was isolated from its main part by
introducing an air gap of 1mm thickness. The discrete source was con-
sequently placed in between the resulting PEC island-like plate and the
remaining ground layer (red line). The plate itself was connected to the an-
tenna stem using two PEC blocks, similar to the connection in the physical




PEC block

region with
no ground
layers

isolated

Figure 8.4: Excitation of the antenna - PCB structure in the modified source
region.

model. To reduce capacitive coupling from the island-like PEC plate to the
middle and lower ground layers, the grounding was removed and replaced
with dielectric material within the specified region.

The source itself is modeled by a resistive voltage source as proposed
in [30] with an internal source resistance of 502 Due to the fairly broad
extension of the source gap of 1 mm, it is discretized using three primary
Yee grid edges, i.e., the source is applied to one edge whereas the remaining
two edges are defined as PEC. As excitation, two signal forms have been
applied:

1. To assess EM field information at a specific frequency, a harmonic
sinusoidal excitation with a two period rising signal was used. The
system reached steady state after 13 periods.

2. To assess broadband frequency domain information, a gaussian sine
pulse with bandwidth B = 1.5 GHz was applied. For this case the
simulation reached steady state after 8ns.

Most of the results shown in section 8.6 are related to the GSM main fre-
quency at transmit bands with center frequencies at 902 MHz and 1747 MHz
specified as GSM900 and DCS1800 bands, respectively. They have been ob-
tained by application of a sinusoidal continuous wave (CW) signal.
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Figure 8.5: Application of FDTD grid: combination of graded mesh and
subgrid (helical antenna).

8.5.3 Grid Generation / Simulation Parameters

The simulation platform SEMCAD incorporates semi-automated non-homo-
geneous grid generation which automatically adapts the mesh to a specific
setup, e.g., increases the grid resolution within highly non-homogeneous or
grid non-conformally aligned regions . In addition, the mesh can be manually
configured to match particular user-defined requirements. Consequently, all
materials are automatically assigned to every Yee cell in the grid.

In order to reduce memory and runtime requirements, the local refine-
ment scheme (section 8.3) is applied to resolve certain regions of the phone
model with a high resolution. The most crucial parts with respect to grid
resolution are the antenna, including helical wire and monopole (0.65 mm
wire diameter), as well as the PCB with its thin PEC ground layers (110 um
thickness).

Since the helical antenna is highly non-conformally aligned to the FDTD
grid, it must be resolved by multiple cells in wire diameter in order to ac-
curately represent the highly non-homogeneous field distribution. A spatial
resolution of 0.2x0.2x0.1 mm? in x, y and z directions was chosen within
the subgrid (1:2 refinement factor) surrounding the antenna, consisting of
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about 500 10° mesh cells in total. Figure 8.5 depicts this configuration with
combined graded mesh and subgrid.

Due to its grid conformal alignment in the z direction, the PCB structure
can be resolved with a slightly higher resolution of 200 um, which properly
resolves all dielectric and PEC ground layers. The subgrid used to model
this region included the previous subgrid consisting of the helical antenna
and the entire PCB, as well as all PCB parts which are connected to it such
as shields and LCD holder. Furthermore, for configurations including head
models, the subgrid was slightly extended in the z-direction, enclosing the
most significant absorbing parts of the head. Its x, y and z axis resolution
of 0.4%0.4x0.2 mm?3 results in a total number of about 5.5 million cells.

Within the free space simulation, the computational domain was ex-
tended about 0.75 A (at =902 MHz) in each spatial direction (distance phone
- boundaries), which is just slightly larger than the phone itself. Since the
subgrid enclosing the PCB has about the same spatial extent in the x and
y directions, it was of no use for this simulation, for which reason just one
subgrid was placed for the modeling of the antenna. All computations con-
taining a head model placed beside the phone consisted of larger spatial
domains extended by 1.25x1.25% 1\ in the x, y and z directions, which jus-
tifies the application of both subgrids. In order to avoid the introduction of
additional errors caused by staircasing (section 8.3), the PCB (a significant
PEC radiating part) was left conformally oriented to the FDTD grid. The
standard positions for compliance testing were achieved by rotation of the
dielectric lossy head models. For the outer grid in the free space simulation
a non-homogeneous mesh using an increasing mesh step from 0.2mm up
to 7mm (grading ratio = 1.5) was chosen, which leads to 4 million cells.
The simulations including head models consisted of the same minimum and
maximum mesh steps, whereby the human ear region was modeled with
a 0.4x0.4x0.2mm? grid resolution, leading to a total number of about 6
million cells.

All simulations were bounded by a perfectly matched layer (PML) {31]
absorbing boundary condition (ABC) with a layer thickness of 8 cells.

8.6 Results and Validation

Within the experimental evaluations the physical device was put in operation
using the Rhode & Schwarz Radio Communication Tester CTS55. The
channel utilized in the measurements was the traffic channel ARFCN 62
(f=902.4 MHz), which is the middle channel for the GSM900 system. The
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power level was set to its maximum, i.e., Power Control Level 5 (33 dBm).
The channel utilized in the DCS1800 measurements was the traffic channel
ARFCN 698 (f=1747.4 MHz) which is the middle channel for DCS1800. The
power level for DCS was set to its maximum, i.e., Power Control Level 0
(30dBm). Communication between the tester and the device was established
by active network link.

The phone design does not enable to directly measure the antenna input
power with sufficient precision. For the purpose of this comparison, the
antenna input power was determined indirectly by matching the simulated
H-field distributions with measured ones from the DASY system. In order
to achieve minimum uncertainty, a global least square fit was conducted
on the H-field distributions of free space at different distances and inside
the flat phantom. This enables a much more reliable determination of the
input power at the feedpoint than conductive power messurements. The
obtained values for the antenna input power are given in Table 8.3, to which
all reported simulation results are normalized.

Table 8.3: Antenna Input Power at Feedpoint
Frequency | P, [dBm]
GSM900 30.6
DCS1800 29.1

8.6.1 Validation of Antenna Model

Prior to the simulation of the complete phone model, the multiband antenna
was examined as a momnopole over a finite ground plane, in order to ensure
proper representation of the antenna structure. Furthermore, the result
was validated against measurements. In the measurement, the antenna was
dismounted and its feed point was soldered to the center pin of the coaxial
connector, the outer layer of which was soldered to the middle of a square-
shaped copper plate with a thickness of 1 mm and a horizontal extension
of 0.7x0.7m?. The impedance was measured using the HP 8753E network
analyzer linked to the antenna via SMA connector at the backside of the
plate.

This setup was reproduced using SEMCAD. The antenna CAD model
was placed on a solid PEC ground structure consisting of the same spatial
dimensions. In order to reduce the computational requirements, the antenna
was modeled by application of a 1:8 subgridded region around it as shown in
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figure 8.6, For the inner most subgrid a homogeneous resolution of 125 pm3
was applied, consisting of 2 million cells. Within the main grid a non-
homogeneous mesh using mesh cells from 1mm to 9mm was used which
(grading ratio = 1.4) led to a total of 1 million cells. Without making use
of a local refinement scheme the computation domain would have consisted
of 15 million cells.

Figure 8.7 compares the measured and simulated impedances in the fre-
quency range from 800 MHz to 2 GHz. Regarding the complexity of the
multiband antenna model, the general agreement of both real and imag-
inary parts is good. The resonance frequencies in particular match very
well, leading to 948 MHz and 960 MHz (lower resonance) and to 1.695 GHz
and 1.712 GHz (higher resonance) for measured and simulated impedances,
respectively.

Figure 8.6: Multiband antenna placed on ground plate for broadband
impedance assessment within FDTD simulation.
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Figure 8.7: Multiband antenna: comparison of measured and simulated
impedance in a frequency range from 800 MHz to 2 GHz.

8.6.2 EM Field Distribution - Free Space

Figure 8.8 depicts the measured and simulated E- and H-field distributions
at the DCS1800 frequency. The fields were recorded in a plane located at
10mm above the highest point of the phone (display), whereby the PCB
was horizontally aligned in space. In order to reduce possible influence from
nearby dielectrics, the phone was placed on styrofoam as shown in figure
8.2.

The comparison of the simulated to the measured distribution shows
slight deviations in the region of the maxima, mainly close to the antenna.
However, the general agreement for both characteristic E- and H-field pat-
terns is very good.

8.6.3 Effect of the LCD Holder Connection

In order to assess the capabilities of the proposed FDTD simulation tech-
niques with respect to MTE design purposes, special attention was given
to major electromechanical parts which appeared to have a significant im-
pact on the EM field behavior. Furthermore, the influence of FDTD grid
resolution on the current distribution and EM field should be examined.




142

E-field (DCS1800) H-field (DCS1800)
Measu‘rement Simulation Measurement Simulation

E-field in V/m norm. to 29.1 dBm H-field in mA/m norm. to 29.1 dBm

14.9 27.4 39.9 52.3 64.8 77.3

Figure 8.8: Comparison of simulation and measurement for the electric and
magnetic field (DCS1800) shown in a plane located at 10mm above the
phone (from highest point). All fields are normalized to 29.1 dBm.

Particularly in the region of the liquid crystal display (LCD), major differ-
ences between simulation and measurements were obtained within an initial
experimental assessment of the physical phone model. This effect occurs
mainly at f = 902 MHz, since the current distribution on the phone at this
particular frequency is localized to the LCD region. The LCD structure is
mechanically fixed to the PCB by a metallic frame which itself is electrically
connected to the ground of the PCB via 4 clamps. Figure 8.9 shows the
configuration of this LCD holder.

A closer investigation of the physical holder structure revealed that the
clamps actually do not create a proper RF short circuit to the PCB ground
layer, while in the simulation a perfect electrical connection is achieved.
Therefore the CAD model of the holder was modified in such a way that
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Inner phone Holder: physical

Figure 8.9: Metallic holder of the LCD structure: physical model and CAD
representation.

part of the metallic clamp structure was removed, which made the holder
float with respect to the PCB. The simulated magnetic fleld distributionsin a
plane located at 5 mm above the highest point of the phone housing is shown
in figure 8.10 for the LCD holder in floating and connected configurations. It
is observable that for a properly connected holder, the currents are capable
of flowing on either side of the frame, whereas a floating holder leads to a
much higher concentration of the H-field in the central region of the phone.

To verify the simulated effect, measurements have been performed using
a physical phone model for which the LCD holder was released in one sce-
nario and soldered to the PCB in the other scenario to force a floating and a
short circuit situation. These modifications were realized on a third physical
phone model in order not to change the high frequency behavior of the main
device. All fields were normalized to 31.9 dBm input power similar to the
procedure described in section 8.6.2. Since a different physical device was
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used, the normalization input power value changed compared to all other
results for the GSM900 band.

LCD holder floating LCD holder connected ot 31,6 dem
282

236

97

51

Meaurement Simulation Measurement Simulation
Figure 8.10: Comparison of connected and floating LCD holders for sim-
ulation and measurement in a plane located 5mm above the phone (from
highest point). All fields are normalized to 31.9 dBm.

As shown in figure 8.10 the LCD holder connection related EM field
distribution predicted by the FDTD simulation is reproduced within the
measured data. The characteristic near-field patterns, i.e., centralized and
split current distributions on the LCD holder for the floating and short
circuit connections, respectively, are obtained in both approaches. This basic
example clearly demonstrates the capabilities of the described simulation
technique, not only for verification of experimental methods but also to
provide in depth analysis and understanding of the design.

8.6.4 Radiation Pattern - Free Space

In figure 8.11 the measured and simulated radiation patterns of the T250
mobile phone located in free space are compared. In the FDTD simula-
tion the far-field pattern was determined using a near-to-far-zone transfor-
mation as proposed in [32]. The experimental assessment of the radiation
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characteristics has been performed in a rectangular anechoic chamber. The
measurement system within the anechoic chamber is automated; all data
acquisition and turntable rotation is controlled by computer via GPIB. Fig-
ure 8.11 shows the radiation pattern for horizontal and vertical polarization
within the xy and yz planes in dBi for the GSM900 and the DCS1800 band,
respectively.

Good agreement between measurement and simulation is obtained for
both polarizations in the cartesian planes observed. Due to the smaller
amount of data points recorded in the experimental assessment, the field
minima were not determined properly, leading to deviations in these regions.
However, far-field data in general shows rather low sensitivity with respect to
modeling detail for the numerical technique used. The three dimensional far-
field patterns extracted from the simulation are depicted in the upper part
of figure 8.12 for both frequency bands. As expected, the radiating phone
structure including helical antenna operating in normal mode at =902 MHz
leads to a pattern similar to a dipole antenna. At f=1747 MHz the radiation
is mainly determined by the PCB and the monopole section of the phone
antenna, forming split radiation characteristics.

Radiation Pattern (xy plane, horizontal polarization) Radiation Pattern (xz plane, vertical polarization)

o pattem[dBi g0 pattem a8y
10 5

GSM meas
- ggm gs_'as e GSM sim

- DCS meas - Dg meas
po - DCS sm 270 = RS sim

Figure 8.11: T250 phone in free space: measured and simulated horizontal
and vertical polarizations of the 2-D radiation pattern within xy and xz
cartesian plane for the GSM900 and the DCS1800 frequency bands.

8.6.5 Performance at Flat Phantom

Since the phone is usually operated in the vicinity of the human body, it
is essential that the simulations can appropriately predict the performance
for these conditions. The first evaluation was conducted at the well char-
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GSMS00 DCS1800

free space

SAM phantom

Figure 8.12: 3-D radiation pattern of the T250 mobile phone in free space
as well as placed beside the SAM phantom operating in the GSM900 and
the DCS1800 band.

acterized shape of a flat phantom, which is the test configuration for body-
mounted operation. Figure 8.13 shows the configuration used and its spatial
dimensions. The phone was positioned with its PCB horizontally aligned
and its highest point touching the plastic shell of the SAM twin phantom
flat section. The shell thickness was 4 mm, and the height of the brain tissue
simulating liquid was 80 mm.

In lossy media the unit of interest in general is the specific absorption
rate (SAR) which is defined as:

T2
SAR = p |E| (8.1)

whereby E is the induced electric field strength, & is the conductivity, p
the density of the medium. The dielectric parameters for liquid and shell
which were used in the measurement and simulation at both GSM900 and
DCS1800 frequencies are shown in table 8.4. They are consistent with the
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liquid

pléstic
shell

Figure 8.13: T250 mobile phone - SAM flat section: setup and spatial di-
mensions.

values proposed in [33], which were derived from worst-case considerations.

Figures &.14 and 8.15 depict the measured and simulated SAR distri-
butions within the liquid at 902 MHz and 1747 MHz for two distances of
5mm and 10 mm from the inner surface of the shell. Although the regions
of maxima show slight deviations between experimental and numerical data,
very good agreement is obtained in most of the area observed. The strong
dependence on the current distribution on the phone is manifested in fig-
ures 8.8 and 8.10, where the maximum H-fields are located above the lower
LCD part and near the antenna at the GSM900 and DCS1800 frequencies,
respectively.

Table 8.4: Material Parameters SAM Phantom
902 MHz 1747 MHz
Material | ¢, | o [2]] ¢ |o[Z]

Liquid 4151 097 | 400§ 1.40
Shell 3.5 0 3.5 0
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.. . .. L. SAR in mW/g
5 mm inside liquid 10 mm inside liquid norm. to 30.6 dBm
‘ 0.69

0.55

0.42

0.28

0.14

0.01
Measurement Simulation

Measurement Simuiation
Figure 8.14: Comparison of simulation and measurement for the SAR dis-
tribution within the flat phantom at 902 MHz. The observation planes are
located at 5mm and 10mm from the inner phantom surface. All fields are
normalized to 30.6 dBm.

Table 8.5 summarizes the measured and simulated values for the peak
SAR averaged over cubes of 1g mass at both frequencies according to the
procedure described in [34]. Comparison of the two methods yields excellent
agreement for all values. The small deviations result from a possible cancel-
lation of errors within the uncertainties of the simulation and the tolerances
of the measurement system.

Table 8.5: 1g averaged SAR for the phone - flat phantom configuration.
| Type SARy [W/kgl | SARs [W/kg] | Diff [%] |
902 MHzy, 0.71 0.74 +4.2
1747 MHz, 1.2 1.34 +11.7
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L A L I SAR in mW/g
5 mm inside liquid 10 mm inside liquid norm. to 29.7 dBm
—1.26

- 1.01

0.26

. . . . 0.01
Measurement Simulation Measurement Simulation

Figure 8.15: Comparison of simulation and measurement for the SAR dis-
tribution within the flat phantom at 1747 MHz. The observation planes are
located at 5mm and 10 mm from the inner phantom surface. All fields are
normalized to 29.1 dBm.

8.6.6 Performance at the SAM Head

As performed in compliance testing of mobile phones, the device was placed
beside the Specific Anthropomorphic Mannequin (SAM), the standard phan-
tom defined in [27]. Figure 8.16 depicts the measurement setup with the
T250 phone positioned at the SAM head as well as its corresponding CAD
model within the simulation platform. The phantom consists of a dielectric
shell with the shape of a human head and is filled with tissue simulating lig-
uid. It is based on a large anthropometric survey conducted by the U.S. army
[35] with its shape corresponding to the 90" percentile of the adult male
heads measured. The reason for choosing an adult male head was that larger
heads tend to absorb more electromagnetic energy [36]. Therefore, the adult
male head yields a worse case exposure situation compared to, e. g., a child’s
head.

The thickness of the dielectric phantom shell (e, = 3.7) is 2mm. At the
ear reference point, it is increased to 6 mm. The ear itself is shaped such
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Measurement setup

CAD model within simulation

Figure 8.16: T250 phone model placed beside the SAM phantom in the
measurements and within the simulation platform.

that it permits the accurate and repeatable positioning of the phone under
test. The dielectric parameters of the tissue simulating liquid are the same
as previously used in section 8.6.5 (table 8.4).

SAR distributions and averaged spatial peak SAR were assessed and
compared for the touch and 15° tilted standard test positions as described
in [37] and [27]. Hlustration 8.17 depicts the measured and simulated SAR
distributions in the SAM phantom at a distance of 4.7 mm normal to the
inner shape of the shell. The scan was performed for the left side touch
position at f = 1747 MHz and is logarithmically scaled, i.e., 0dB are equal
to the maximum peak SAR value obtained in the experimental data. Good
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agreement is obtained between the measured and simulated distributions in
the whole observation area.

The measured (M) and simulated (S) 1g averaged peak SAR in touch
and 15° tilted position at both frequencies are summarized in tables 8.6 and
8.7. Good to excellent agreement between the experimental and numerical
data is obtained for all configurations. The low order of differences might
again result from cancellation of errors occurring in the uncertainties of the
simulation and the tolerances of the measurement system. In the fouch
position the SAR values show little dependence on frequency nor left/right
application side. The strong variations in the 15° tilted position reveal the
dominant influence of the high currents close to the antenna.

Table 8.6: 1g averaged SAR in Touch position for the phantom - phone
model.

| Type SARy; [W/kg| [ SARs [W/kg] | Diff [%] |
902, £, 0.89 0.87 -2.2
902,.%, 0.86 0.91 +5.8
17479, 0.97 1.01 +4.1
1747, 5, 0.91 0.98 &

Table 8.7: 1g averaged SAR in Tilted position for the phantom - phone
model.

Type | SARa [W/kg] | SARs [W/kg] | Diff [%]

902,79, 0.40 0.44 +10
902,5%, 0.40 0.44 +10
17479, 1.03 1.01 -1.9
1747 .5, 1.10 1.12 +1.8
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Measurement

Simulation

SAR (DCS1800) in dB norm. to 29.1 dBm

Figure 8.17: Measured and simulated SAR distribution within the SAM
phantom (left side touch position, GSM1800).




8.6.7 Performance at Human Head

In order to evaluate the performance on an actual human head phantom, the
performance of the device was also simulated next to the model of an actual
human head. The High Resolution European Female head phantom (HR-
EF-1) is the most detailed human head phantom currently available. It was
generated from MRI images taken from a 40 year old female volunteer and
consists of 121 different slices (figure 8.18). In the ear region, the slices have
a thickness of 1 mm, while above and below the ear, the slice thickness was
increased to 3mm. The pinnae of the ear was pressed to the head in order
to obtain a worst-case configuration, i.e., minimal separation between phone
and head tissues. The high resolution of the ear region allows the accurate
representation of the pinna as well as the anatomical details of the inner
ear. The CAD model derived from the MRI scans is a precise numerical
representation of the shapes of the organs and tissues in the slices. This
allows the free positioning and tilting as well as flexible discretization within
the numerical simnulation software used without introducing uncertainties
due to multiple sampling of fine anatomical details. 15 different tissue types
were distinguished, the electrical parameters of which at the mobile phone
frequencies were taken from [38].

The reference point for the positioning of the speaker of the phone was
chosen to be 15mm above the auditory canal opening. because this is the
location of optimum acoustical coupling and therefore represents the position
at which the phone is held during normal use.

In table 8.8 the 1 g averaged peak SAR obtained for the HR-EF-1 model
in the touch and 15° tilted positions are compared to the SAM standard
phantom at both frequencies. Due to the closer distance between the speaker
part of the phone and head tissue for the HR-EF1 phantom (4 mm versus.
6 mm), the overestimation of SAM is in the range of 10 - 30%.

8.6.8 Radiation Pattern - SAM Phantom

The 3-D far-field patterns of the mobile phone placed in the touch position
with the SAM phantom at the GSM900 and the DCS1800 frequencies are
shown in the lower part of figure 8.12. Whereas compared to the free space
configuration the radiation characteristics are maintained, a shielding and
absorbing influence of the lossy SAM head is obvious.




Figure 8.18: T250 phone model placed beside the high-resolution european
female head phantom (HR-EF-1).

8.6.9 Computational Requirements

In table 8.9 the simulations including subgrid regions are compared to a sim-
ple graded mesh approach with respect to computational requirements. All
computations have been performed on a 1.7 GHz Intel P4 machine operating
under LINUX. A noticeable reduction of memory and runtime requirements
is already achieved for the free space example consisting of a small simulation
space. However, the comparison for larger spatial extensions including head
models clearly reveals the needs of such FDTD local refinement schemes
for complex real-world configurations. A powerful application is performed
by combination of graded mesh and subgridding. Using only homogeneous
grids in the whole simulation space leads to an unusable increase of the
computational resources.
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Table 8.8: 1g averaged peak SAR in touch (to) and tilted (ti) left (1) hand
positions for the SAM phantom (S) and the EF-1 non-homogeneous (E)
model.

Table 8.9: Memory and runtime requirements for the phone in free space

Type | SARg [W/kg] | SARz [W/kg] | Dift [%)]
9027, 0.91 0.77 15
902}, 0.44 0.40 -9
17470 0.98 0.80 18
1747L, 1.12 0.73 35

and beside the SAM phantom setup.

Type Base-Cells | Memory Time
Sub 1:2£¢e 4.5 x 10° 400 MB 8h
Graded free 11 x 10° 850 MB ~ 30h
Homogree 2x10° | =~ 150GB | ~ 200 days
Sub 2% 1:2h00g | 6 X 10° 1GB 14h
Gradedpeqd 35 x 10° 2.7GB ~ 4 days
Homogpeqd 85x10° | ~ 1.5TB | ~ 2.5 years

8.7 Conclusions

This study demonstrates that FDTD is a suitable technique for supporting
engineers in the analysis, design and optimization of transmitters, even for
the most complex cases such as mobile phones operating in the vicinity of
the human body. The study also clearly revealed that efficient and flexi-
ble user-interfaces as well as graded meshes combined with robust subgrids
are required in order to achieve the needed resolutions of small details in
the range of 100 um within locally restricted areas of the computational do-
main extended by one meter or more. Obvious items on the wish list for
designers are shorter turn-around times and semi-automated optimization
support, which are on our current research agenda together with features
for uncertainty assessments.
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Chapter 9

Conclusion and Outlook

Summing up the results achieved as well as the contributions performed
within this PhD thesis, all objectives described in the introduction have
been fully achieved.

The rigorous analysis of various proposed techniques, mainly in relation
to subgridding schemes, enabled the development of two novel 3-D based
methods for FDTD local grid refinement. Excellent performance of the al-
gorithms for numerous parameters was presented on the basis of various
benchmarks. In particular the subgrid scheme provides a uniquely wide
applicability and robustness compared to existing approaches. Within the
framework of the KTI sponsored SEMCAD++ project, important contri-
butions to the implementation of a whole EM simulation environment have
been performed including the techniques described in this thesis. SEM-
CAD, providing support for grid-independent solid modeling, has proven
to be an excellent basis for testing out new ideas, conducting benchmarks
and demonstrating the efficiency of final implementations by simulation of
highly complex problems. At the beginning of this thesis in 1998 the most
enhanced MTE models consisted of square shaped helices mounted on PEC
boxes. Today, commercially available mobile phones modeled by application
of spatial resolution in the um range can be completely analyzed within days.

Subsequent research studies directly related to the presented thesis could
include:

e extension of the subcell method to a “true” 3-D processing as discussed
at the end of chapter 5
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e extension of the grid non-conformally aligned source model presented
in chapter 5 to support multiple source forms, such as hard, voltage
and added sources

e application of spatial non-homogeneous grid steps to the implemented
subgridding scheme

o extension of the subgridding method presented in chapter 6 to serve as
local absorbing boundary entities, i.e., discrete absorbers can be placed
within a subdomain of the computational domain, e.g., to simulate an
open boundary condition for coaxial cables, etc.

e combination of multi processing algorithms with subgrids, enabling
the temporally parallel computation of multiple FDTD subdomains
and leading to even shorter computation times

o application to FDTD thermal algorithms in a straightforward manner,
due to the general interpolation based approach of the subgridding
scheme

>
o extension of the developed and implemented local refinement algo-
rithms by incorporation of static field solutions as discussed in chapter
4

Following the actual trends of the MTE and computation sector towards
pervasive computing and body communication related applications, one may
only imagine the level of complexity which will be handled within the com-
ing decade. Multi-transmitter devices operating at different frequencies em-
bedded within largely extended highly non-homogeneous environments are
already today’s state of the art. A simple example for such an application
is, e.g., a person wearing a pacemaker, sitting in a car while using a GSM
operating mobile phone which is connected via Bluetooth to a handsfree
audio device.

The real-world example described in chapter 8 incorporating mobile
phone and non-homogeneous human head model consisted of grid numbers
in the range of 108 — 107 (coarse grid) and 105 — 5- 108 (subgrid) leading to
computation times in the range of 15 hours (about 20000 timesteps) on an
Intel P4 1.7 GHz processor. Even for today’s workstations, parallelization
provides enormous computational capability, e.g., using a Beowulf cluster
of about 400 Intel P4 processors clocked at 1.5 GHz leading to 3 - 109 Yee
cells in memory and 1 hour running time for 10000 timesteps (ETH Asgard
project: Intel P3 Beowulf, 502 - 500/650 MHz, 500 GB RAM, LINUX). Even
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linear extrapolation of computational power from the early 90s to today’s
standard PCs shows that such systems will also be available for the common
user within 5-7 years.

The application of FDTD local refinement techniques in combination
with enhanced modeling platforms will enable specifically tailoring the grid
towards extreme spatial multi resolution environments, i.e., analysis of sys-
tems with R ratios of multiple 100 000 between the smallest cell size and the
largest extension (R =& 5000 for phone-head example from chapter 8):

e pervasive computing, in/on-body communications: embedding RF trans-
mitter devices within multi-meter extended environments, wireless sig-
nal propagation within cellular environments

o biomedical applications of lasers: light backscattering from, or propa-
gation through tissues that are in the millimeter range

e operation of integrated electronic and photonic devices and circuits:
RF through optical electromagnetic wave propagation within microchips
spanning 10-100 A but having critical structural features in the order
of 0.001 A

o design of low-observable structures: RF /microwave backscattering from
spatially extended scatterers requiring submillimeter-scale resolution

Due to its unlimited efficiency and computational power, the FDTD
parallelization aspect is currently being closely investigated within the PhD
thesis of my colleague Emilio Cherubini, in particular making the SEMCAD
simulation platform applicable to distributed multiprocessing environments.
LINUX based 64 bit CPU systems will dominate the number-crunching com-
putational community within the next few years due to the excellent per-
formance/price ratio. Further enhancements with respect to the KTI SEM-
CAD++ project which are currently being performed in the PhD thesis
of my colleague Andreas Christ are related to minimizing dispersion errors
in general FDTD meshes in combination with enhanced representation of
material boundaries.

The high suitability of the SEMCAD environment for the rapidly emerg-
ing field of integrated optics will finally lead to a further extension of the
platform within a subsequent KTI supported project by the middle of this
year in a close cooperative effort between IIS, IT'IS and related industry
partners.
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Appendix A

List of Symbols

o attenuation constant [Np/m]
B phase constant [1/m)]

0 propagation constant (y = a+j- )
€ permittivity (¢ = &g - &)

€0 permittivity of vacuum [F/m)] (g0 = 1/uocd)

&p relative permittivity, dielectric constant [1]

0 characteristic wave impedance of vacuum [©2] (70 = 1207)
) phase angle [degree or radiant]

A wavelength [m]

m permeability (u = p0 - ur)

Ko permeability of vacuum [H/m] (uo = 47 - 1077)
Lor relative permeability [1]

p tissue density [kg/m®]

o electric conductivity [S/m]

Om magnetic conductivity [£2/m]

w angular frequency [rad/s] (w = 27 f)

area [m?]

magnetic induction [T = Vs/m
specific heat [J/(kgK)]

€o velocity of light in vacuum (co = 2.99792458 - 108)
capacitance [F)

Courant-Friedrichs-Lewy number

distance, 1-D spatial extension [m]

electric displacement [As/m?]

?]

S

e QQ
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electric field [V/m]

frequency [Hz]

height, 1-D spatial extension [m]

magnetic field [A/m]

imaginary unit (j2 = -1)

electric current density [A/m?]

wave vector [1/m)]

length, 1-D spatial extension [m]

inductance [H=Vs/A]

number of timesteps At

power [W]

resistance []

spatial length [m]

spacing in cartesian grid [m]

time [s]

time step [s]

temperature K]

voltage [V]

phase velocity [m/s]

energy [J]

spatial Yee grid increment in cartesian z-direction [m]
spatial Yee grid increment in cartesian y-direction [m]
impedance [§]

input impedance [§]

spatial Yee grid increment in cartesian 2-direction [m]
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