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Summary

The spectacular growth of mobile communications equipment (MTE) in the last

decades has strongly risen the demand foi piecise and îeliablc methods for elec¬

tromagnetic field prediction involving complex dielectric environments. This thesis

addresses the reliability and uncertainty aspects of using a numerical technique such

as the Finitc-Difference Time-Domain (FDTD) technique for antenna configurations
in complex dielectric environments. The developed techniques were not only tested

and bcnchmaiked on the bases of generic pioblcms but also on real-world problems
which addressed needs in other research areas.

The objective of the studies performed within this thesis was to add contributions

toward closing the scientific gap in uncertainty assessment for the described class

of problems. Error sources have been identified and morleling errors of complex
dielectric bodies for RF simulations with FDTD have been studied in particular.
Within this thesis, special emphasis was put on benchmaiking the FDTD technique
in near-field situations.

A considerable amount of work has also been attributed to the implementation
of algorithms within the development of the FDTD kernel of the MINAST EMSIM

project. Since FDTD had been chosen as the main technique not only to cover the

simulation needs of BIOEM/EMC but also for becoming the basis of two commercial

software packages developed in collaboration with ETII spin-off companies, know-

how about uncertainty assessments and improved algorithm and modeling support
to enhance precision were key elements for the success of this project.

In the first pait of the thesis, the most important numerical and experimental
methods irsed for electromagnetic analysis of antennas embedded in complex dielec¬

tric environments, the most significant compliance evaluations for handheld devices

and antennas for optimized radiation performance with reduced user exposure are re¬

viewed. The information on uncertainty assessment performed for other methods in

this context was invaluable when evaluating the performance, in particular precision

prediction, of FDTD.

In the second part, uncertainties in electromagnetic field simulation with FDTD

arc analyzed and separated in unceitaintics arising from the numerical scheme it¬

self and modeiing errors of complex dielectric envnoiimcnts. Fiom these studies

it was concluded that the errors mheient m the FDTD technique itself contribute

only little when the technique is appropriately used. Since modeling uncertainties

can contribute significantly to the overall eiroi. Ihe\ are investigated in greater de¬

tail. Various techniques to minimize staircasing effects have been explored and will

already be utilized in the fiist version of the CAD-tool foi antenna design to be

commercially icleascd in a few months. Large errors in local field values inside com¬

plex dielectric materials arise fiom results related to coarse discretizations, whereas

significant global errors in field distributions inside compfex dielectric materials can
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arise from resonant or focusing effects.

In the third part. FDTD is benchmaiked foi well defined antenna configurations
and applied to electromagnetic field prediction of a variety of antenna near-field con¬

figurations. Within the first study, potential difficulties from simulating transmitters

in the closest proximity of lossy scattcrers were investigated. For this purpose a ge¬

ometrically and electrically well-defined geneiic phone was developed and analyzed

in free space and close to a lossy phantom in the far- and near-field. The results

showed that FDTD is highly suitable with high accuracy for well defined antenna

configurations in the close proximity of lossy scattereis.

In a second study, a specific Crawford TEM cell exposure setup was analyzed that

had already been utilized for bio-experiments but could not previously be character¬

ized with respect to the exposure. The results of this study not only had significant

impact on the interpretation of these bio-experiments but also on a series of other

experiments which were scheduled to be conducted in TEM cells. It was discovered

that the exposure homogeneity as well as the efficiency were much lower than orig¬

inally anticipated. This was the starting point for the pioposal and analysis of a

variety of other exposure setups better suited foi in vitro bio-experiments.

In a third study, a caroussel exposure setup used for in vivo bio-experiments was

analyzed and optimized with respect to its efficiency. For the first time, the perfor¬

mance of an in vivo exposure setup was analyzed in great detail using high resolution

MRI data of animals, including experimentally validated SAR distributions in the

animal brains.

Thanks to this initial experience and the unique combination of the availability

of both the most advanced numerical and experimental fools, the group currently

evaluates, optimizes and develops m vitro and w vivo exposure setups for various

laboratories throughout the world.

The last study documented in this thesis is an application of FDTD for an issue

which was also driven by an urgent request from outside, namely by the US Federal

Communications Commission (FCC). It addresses the question of ear exposure during

usage of a mobile phone. This issue was brought up in a legal conflict since it is related

to the question of correct ear modeling for testing compliance with safety guidelines
for electromagnetic exposure. The study was an excellent test, for the developed code

since it required the use of a phantom with better resolution than had ever been used

before and with arbitrarily oriented phone positions.
All applications have been thoroughly validated with either an independent nu¬

merical technique, experimental investigations or using both approaches.



Zusammenfassung

Das dynamische Wachstum mobiler Kommunikatioiisgeriile für den privaten und

beruflichen Gebrauch in den letzten Jahrzehnten verstaikte den Druck auf For¬

schungsinstitutionen und Industrie, zuveilassige. hochprazise Methoden zur Nah¬

feld best immung von Antennen in komplexer dielektrischer Umgebung zu entwickeln.

Die vorliegende Dissertation befasst sich mit der Zuverlassigkeitsabschätzung und

Fehleranalyse einer numerischen Methode, der Finiteii-Diffeicnzen Methode im Zeit¬

bereich, zur Feldbestimmung von Antcnnenanordnungen in komplexer, inhomogener

Umgebung. Die entwickelten Algorithmen winden sowohl an wohldefinicrtcn Bench¬

markanordnungen als auch an realitatsuahen. komplizierten Anordnungen die sich

unmittelbar aus den universitären und industriellen Forschungsprojekten der Gruppe

BIOEM/EMC ergaben, getestet und evakuiert.

Zielsetzung der vorliegenden Untersuchungen war es. einen Beitrag zur Schlies¬

sung der Wissenslücke bezüglich Unsicheiheitsanalysc elektromagnetischer Feldsim¬

ulationen mit FDTD fur den beschriebenen Anwendungsbereich zu leisten. Fehler¬

quellen bei Hochfrequenz FDTD Simulationen wurden identifiziert und analysiert.
Einen besonderen Schwerpunkt bildeten die Untersuchungen von aufgrund von Mod-

ellieruiigsunsicherhcitcn komplexer dielektrischer Korper entstandenen Fehlern. Sehr

grosser Wert wurde dabei auf das benchmarking der Methode für Antennen- Nahfeid-

situa ( ionen gelegt.
Einen wesentlichen Teil der Dissertation nahm auch die Implementierung von

Algorithmen im Rahmen der FDTD Kcrnelentwickiung des Projektes MINAST EM-

SIM in Zusammenarbeit mit dem Institut fur Integrierte Systeme der ETII Zürich

und vier Indusf liepartnern in Anspruch, die nicht weiter in der vorliegenden Arbeit

dokumentiert sind. Da die FDTD Methode die Simulationsbedüi fnisse eines grossen

Airwendungsspektrums der Gruppe BIOEM/EMC am besten befriedigte und auch

als Basis zweier in Zusammenarbeit mit ETH spin-off Firmen entwickelten CAü-

Simulalionsprogrammeu gewählt wurde, stellten eine fundierte Unsicherheitsana¬

lyse und geuauigkeitssteigernde Algorithmen und Moclellicrungsrichtlmien wesent¬

liche Faktoren fur den weiteren Erfolg der Gruppenaktivitaten dar.

Der erste Teil dieser Aibeit besteht aus einer umfangreichen Literaturrecherche im

Bereich numerische! und expenmentcller Methoden zur elektromagnetischen Feldbc-

stimmung von komplexen Antenncnanoi dnungen im extremen Nahfcld und den wich¬

tigsten Untersuchungen zu Typenpnifveifahren mobiler Kommunikationsgeräte be¬

züglich Sicheiheitsnormen sowie sfrahlungsoptimieiter Antennenanordnungen mit

minimaler elektromagnetischer Belastung des Benutzers. Unsicherheitsanalysen an¬

derer Methoden waieu hier fur \eigleichende Unteisuchungen zur Leistungsfähigkeit
von FDTD von besonderem Inteiesse.

Der zweite Teil diesei Arbeit behandelt FDTD typische Fehlerquellen bei der elek¬

tromagnetischen Fcklsiniulation. Giob eingeteilt wurden die Fehlerquellen in Fehler
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aufgrund der numerischen Methode, wie Dispeision und Randbedingungen, sowie

Fehler aufgrund von Modellierungsungenauigkeiten komplexer dielektrischer Struk¬

turen im kartesischen FDTD Güter. Dabei stellte sich hei aus, class FDTD spezifische

Fehlerquellen der ersten Art nur einen kleinen Teil zu Fehlern im Nahfcld beitra¬

gen, im Gegensatz zu Fehlern aufgiund von Modellierungsungenauigkeiten dielek¬

trischer Strukturen. Fehler der zweiten Ait, sowie Algoiithmen zu deren Minimierung

waren Gegenstand weiterfühl ender Studien im Rahmen dieser Arbeit. Die Ergeb¬
nisse dieser Studien führen zur Implementierung der entsprechenden Techniken in

eines der erwähnten CAD-Programme für Antennciidesign und Optimierung, dessen

Kommerzialisierung Ende 1999 vorgesehen ist. Signifikant grosse Fehler in lokalen

Feldwerten innerhalb komplexer dielektrischer Stiukturen ergeben sich aufgrund des

Staircasing Effektes, relevante globale Fehler in den Feldverteiluugen innerhalb der

Materialien für Resonanz- und Fokussiei ungseffektc.

Im dritten Teil dei Albeit wurde die Leistungsfähigkeit von FDTD zur elektro¬

magnetischen Feldbestimmung wohldefiniciter Antennenanordnungen getestet.

Mögliche Probleme grundlegender Ait bei dei Simulation des Nah- und Fern-

fcldcs hochfrequenter Sender in stark inhomogener dielektrischer Umgebung wurden

in einer ersten Studie untersucht. Dazu wurde ein wohldefiniertes, repräsentatives
und künstliches Telefon im Fernfeld als auch im Nahfeld allein und in komplexer

Umgebung experimentell und numerisch analysiert. Die Studie belegte die Leist¬

ungsfähigkeit, hohe Präzision und Robustheit von FDTD für die beschriebene Art

von wohldefinierteu Antennenkonfigurationeii.

In einer zweiten Studie wurde die Feklveiteilung in Petrischalen, plaziert in Craw¬

ford TEM-Zellen. analysiert, die in dei Veigaugcuheit zur Exposition von Zellkul-

luren in biologischen Experimenten über mögliche Effekte hochfrequenter Strahlung
verwendet wurden. Aufgrund fehlender Möglichkeiten zur detaillierten Expositions-

bestimmung konnten zuvor nm grobe Abschätzungen vorgenommen werden. Die in

dieser Studie erzielten Erkenntnisse hatten einerseits einen eiheblichen Einfluss auf

die Interpretation der biologischen Ergebnisse als auch auf die bereits in Planung
befindlichen weiteren biologischen Studien. Die Expositionsanalyse zeigte, dass sich

für die vorgeschlagene Art von Experimenten mu eine weitaus schlechtere Homo¬

genität und Effizienz mit Crawford TEM Zellen Einrichtungen erzielen lässt als zu¬

vor angenommen. Dies war clci Ausgangspunkt lui Design. Analyse und Optimierung
von geeigneteren Expositionseinrichtungen für biologische in vitro Experimente.

In einer dritten Studie winde die Leistungsfähigkeit von FDTD für die Analyse
und Optimierung von m vivo Expositionseinrichtringen untersucht. Erstmalig wurde

detailliert die Effizienz einer solchen Einrichtung mit Hilfe eines numerischen Mod¬

ells, generiert aus hochauflosenden Magnetresonanz-Aufnahmen (MRI) Daten eines

Versuchstieres bestimmt, einschliesslich dei experimentell validierten Feld Verteilung
im Gehirn.

Aufgrund der gcschildeitcn m spiunglichcn Ergebnisse und der Verfügbarkeit fort¬

geschrittenster expeiimentellei und numenscher Weikzeugc entwickelt, analysiert
und optimiert die Fachgiuppe BIOEM/EMC Exposirionseiniichtungenfür eine Reihe

biologischer Gruppen auf dei ganzen Welt.

Die letzte in dieser Albeit dokumeutieite Studie betrifft die Anwendung von

FDTD auf eine Anordnung, die aufgrund einer dringenden Anfrage seitens der ameri¬

kanischen Behörde Federal Communications Commission untersucht wurde: die elek¬

tromagnetische Exposition im Olnbereich bei der Benutzung eines drahtlosen, mo-
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bilen Kommunikationsgerätes. Hervorgegangen ist diese Problemstellung aus der ju¬

ristischen Fragestellung zur korrekten Modellierung dos Ohres bei der Typenprüfung

drahtloser, mobiler Kommunikatioiisgeiate bezuglich der Sicherheitsstandards. Ful¬

das im Rahmen von MINAST entwickelte CAD Simula tionstool bot sich mit dieser

Studie ein hervorragender Testfall, da die Modellierung eine noch nicht erreichte

detaillierte Darstellung des menschlichen Kopfes und Flexibilität bezüglich der An-

teunenposition erforderte.

Alle in dieser Arbeit beschriebenen Anwendungen wurden detailliert unter Ver¬

wendung einer unabhängigen numerischen Methode, experimenteller Techniken oder

beiden validiert.
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Chapter 1

Background and Objectives

The BIOEM/EMC group, founded in 1993 with Niels Kuster's appointment as assis¬

tant Piofcssor at ETH. initially focused its activities excinsivcly on the development
of near-field measurement technology. This was due to the limited resources (a sin¬

gle PhD student) available at the time. However, the early successes in this area

enabled a continuous expansion of the scope of their activities. The inception of the

MINAST Swiss Priority Piogram in 1995 opened up an opportunity to resume earlier

research in numerical electrodynamics. The objectives envisaged at the lime were to

complement measiucment technology with a flexible, lobust and user-friendly simu¬

lation platform for the simulation of antennas embedded in complex environments.

Furthci more, it should enable the prediction oi the solution accuracy. The latter was

of particular importance to Prof. Küster since he. together with Ed Miller, is one

of the pioneer researchers in this field. The aspect of piccision prediction had long

been overlooked by the electlomagnctics community.

Different approaches wete initially consideied. Lars Bomholt, supported by

BIOEM/EMC. evaluated a hvbiid appioach bv combining GMT with MoM and

FE during his stay at MIT. He completed the implementation of the kernel called

GMT++ during his first period at IIS. Anothei technique being evaluated was

FDTD. Whereas the GMT approach was evaluated on the basis of real-world ap¬

plications by Roger Lav. I was assigned to evaluate FDLD FDTD was finally chosen

as the basic technique for the simulation platfoim to be developed within the MI¬

XAST program. The advantages with respect to robustness and facility of modeling

strongly inhomogeucous pioblenis. as well as the implementation of a user-friendly
GUI. clearly outweighed any shortcomings with respect to precision prediction aris¬

ing from the explicit scheme. Oui initial benchmark tests also gave us confidence

that the maximum uncertainties could he controlled by enhanced implementations

and adhering to a suite oi basic modeling guidelines. The disconceiting variations

found during the com se of a benchmaik comparison (see Figure l.l) can be at¬

tributed rather moic to a lack of pioblem awarenc&s within the scientific community

regarding assessment and minimization of uncertainties than to pioblcms inherent

to FDTD. However, this cleailv demonstrated the existence of substantial gaps in

flic scientific knowledge in this aiea. Since the suitability of numerical simulations

directly depends on the capability of piecision pi edict ion. a single major topic of my

thesis was devoted to this issue.

3
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The objectives of the studies performed dining the course of my thesis term can

be summarized as follows:

• Review of the most important numerical and experimental methods used for

antennas embedded in complex dielectric environments.

• Evaluation of commercial FDTD software packages when used for real-world

problems and scientific studies. Comparison of results with those of other

techniques.

• Participation in the implementation of the FDTD kernel EMSTM within the

framework of the SPP MINAST. Only the availability of a world class source

code can enable the study of possible measures to minimize the uncertainty of

simulations and implement improvements. The contribution to the implemen¬

tation, which consumed a major part of the PhD woik. is not documented in

this thesis.

• Analysis of the uncertainties inherent in the FDTD technique and development
and testing of strategies for the minimization of these uncertainties.

• Extensive application of FDTD to various beuchmark problems and real-world

studies in order to assess its feasibility and inclusion of uncertainty assessments

for electromagnetic exposure studies involving antenna structures operating
within a complex dielectric environment.

At the end of my thesis those aspects of my study which could not be resolved

within the scope of this thesis are outlined and suggestions on how these issues should

be addressed in the future are discussed.
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Chapter 2

Review of Exposure Assessment

for Mobile Communications

Devices

2.1 Introduction

In response to consumer demand for ever smallei and lighter handheld mobile telecom¬

munications equipment (MTE), the industiy has succeeded in producing major tech¬

nological advances in rapid cycles. The size of the chip set as well as its power con¬

sumption has been dramatically reduced. At the same time major bi eakthroughs in

battery technology have also been made. Howevci. little to no attention has been

paid to antenna efficiency, even though the amount of antenna input power absorbed

by the head can largely vaiy between L0% - 70(,c depending on design factors. Conse¬

quently, most currently employed antennas are «till of the classical helical and dipole

antenna designs.
Nevertheless, numerical and experimental techniques to assess the power deposi¬

tion in the heads of useis have significantly advanced during the last few years. This

development has been driven less by a need foi tools enabling antenna optimization

and more by statutory icquircments imposed by icgulatory bodies to demonstrate

compliance with safety limits. Regulatory action has been partially the result of

growing public interest in the possible adverse health effects of wireless communi¬

cations. This issue has received much worldwide publicity in 1993 with the first

lawsuit, claiming that handheld phones cause brain tumors [1]. Since then discussion

about this matter has become more rational, although the issue is still sporadically

exaggerated in the media.

In the following Section safety limits and requirements aie discussed as they have

developed in recent years. In Section 2.3 experimental and numerical techniques

developed for and applied in dosimetric evaluations are reviewed.

Section 2.4 summarizes the studies designed to evaluate the most important ex-

posme defining parametcis. This includes studies on the principal eneigy absorption
mechanism in the close ncai-field of souices. anatomic variations, the effects of the

hand, device position with îespcd to the head, effects of the environment as well

as device modeling. In Section 2.5 the dosimetric evaluations conducted for various

handset devices are compared.
In the final Section 2 6 the publications which compaie various MTE antenna
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design concepts with respect to efficiency and usci exposiuo arc reviewed.

2.2 Safety Standards & Requirements for Exposure As¬

sessment

In the frequency range of mobile communications, the physical unit used to define

the safety limits of the major international and national safety standards around the

world (e.g., [2], [3]) is the Specific Absorption Rate (SAR). SAR can be expressed in

terms of the induced electric field strength oi the tempeiature rise in tissue by.

SAB = ^ - -2T-' =- cJ4 (2.1)
dm p dt

where E is the root-mean-squarc value of the induced elect lie field strength, clT/clt
the temperature rise, p the tissue density, o the dieiecfiic conductivity and c the

specific heat capacity.

SAR limits arc defined for whole-body averaged as well as foi local absorption.
Tn the case of local absorption the so-called spatial peak SAR limit is averaged over

a given volume in order to distinguish between non-hazardous strong local heating
of the skin (e.g.. RF burns) and possible hazards caused by the exposure of greater

volumes of tissue. For example. [3] defines a spatial peak SAR value of 1.6mW/g
and an averaging volume of 1 g cube-shaped tissue mass, wheieas [2] defines a limit

of 2mW/g and an averaging volume of fOg of tissue mass of any shape. [4] and

[5] icquire spatial averaging ovei 10g of cube-shaped tissue mass. Because of" the

strong attenuation due to the skin effect at higher frequencies, the size and shape
of the averaging volume is of great importance. For example, using an averaging
cube of 10g instead of lg tissue mass can reduce the spatial averaged SAR value

by a factor of about two at higher frequencies. The defined SAR limits are not

only volume averaged but also time averaged values. The time averaging introduces

the i dationship between absoibed powei and induced heat. The various regulatory
bodies employ differing time and volume averaging schemes for their guidelines and

standaids. Although all the standards/guidelines are based on the same scientific

foundation, each regulatory body employs its own schemes, the choice of which has

substantial implications on compliance requirements, which indicates that the various

commissions follow differing scientific rationales and interpretations.

Assessment of the basic limits requires considerable technical resources and can

in actual practise only be conducted in a laboratoiy envuonment. To enable on-the-

spot compliance diecks. expo-une limits that aie expressed in terms of incident field

sti engths have been defined. Ihe^e can be measured using standard field probes. The

rationale for employing these cleaved or secondary limits is that they are conservative:

if the secondary limits have been met then it is ceitain that the basic limits cannot

have been exceeded (woist case scenario!. In the case of epiasi far-fiefd conditions

(i.e.. field impedance »377Ohms), n is sufficient to evaluate cither the electric,

magnetic or poynting field sfiength to clcnronstiate compliance. However, in the

near-field of transmitters compliance with basic limits can only bo demonstrated by

employing incident field sticngth measurements if both the electric and magnetic field

strength limits have been med. Poyntmg field measurements are not of much use tor¬

chai acteriziug the absoiption in the neai-field since there can be wide deviations from
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FCC CENELEC ARIR STD-T56

16] M [5]
based on NO RPl/ANSI2 ENV3 RCR STD-384

group uncontiollcd env. geneial public condition G

whole-body av. SAR 0.08 mW/g 0.08 mW/g 0.08 mW/g
spatial peak SAR 1.6W/kg 2 W/'kg 2 W/kg
averaging time 30 min. 6 min. 6 min.

averaging mass
1

"'
1
Ö 10g 10 g

volume shape cube cube cube

phantom requir. not, defined reasonable cross- several

section of useis proposed phantoms
device position standard ! positions normal

Table 2.1: Basic compliance test lequucments pioposed m the USA [6]. Eruope [4] and Japan
[5]. lm.3[3],'[8]- 1m

the field impedance of 377Ohms, and each paiticular situation determines whether

the dominant coupling mechanism is elect lie or magnetic.
In the very close proximity of tiansniitteis. the \alues of field strengths often

greatly exceed those of derived limits, so that compliance can only be demonstrated

by directly assessing the basic limits. In many cases, the limits for whole-body aver¬

age SAR aie met in any case, since the average output, power is less than LW and it

is reasonable to assume that users weigh more than 12 kg. For the spatial peak SAR,
such worst-case considerations can not be applied to cellular phones, whose typically

greatest, antenna input powei is not nroie than a few mW. so that compliance can

only be demonstrated by means of experimental or numerical evaluations.

Tu the last few years various organizations have begun developing standardized

procedures for compliance testing of handheld RF transmit ters. The current status

of (he most important documents is summarized in Table 2.1.

Some of the more progressive health agencies require that for a device to pass

the compliance test it must be unlikely tliat any usei will be exposed to levels ex¬

ceeding the safety limits provided the device is propeily used, i.e.. in the way it

was designed and maikefed for. On the other hand, the test procedure should not

be too restrictive and thereby unnecessarily inhibit the advancement of promising
technologies. Although these criteria appear quite obvious and straightforward, their

implementation is eveiything but trivial. The reason is due to the complexity of the

task and the fact that most modern devices aie within veiv small margins of the

safets limits [10]. Near-field evaluations involve valions procédures with a multitude

of parameters to be considered and therefore icquiie considerable engineering skills

to keep the total unceitaintv leasonably low. The various unceitainty components
can be grouped into tlnee main unceitainty classes:
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• The assessment uncertainty (measurement uncertainty or simulation uncer¬

tainty): This is the uncertainty for assessment of the spatial peak SAR value

in a given SAR distribution using a given setup (e.g., head phantom). The

uncertainty must be determined m a manner that it is valid foi all evaluations.

• The phantom uncertainty: This is the deviation of the technical setup (head
phantom) with respect to definitions in the standard. Such definitions could be

the description of a standard phantom or the requirement that a given mini¬

mum percentage of the total user group be covered. Assessing this uncertainty

requires insights into the dependence of absoiption on anatomical variations

as well as the effect of accessories sudi as optical glasses and jewelry. The

uncertainty due to the phantom needs only be assessed once, so that it is valid

for all RF transmitteis operating in the near-field.

• The source unceitainty: This is the uncertainty foi the assessed spatial peak
SAR of a particulai phone or numeiical leprcsentation thereof, taking into con¬

sideration the variations possible m the mass production of that model (output

power, frequency response, modulation, amplifier, matching network, antenna,

manufacturer's tolerances, etc.). The uncertainty of the position with respect

to the phantom can also be considered to be part of the source uncertainty.

The source unceitainty is especially ciucial. since it involves the object under

test and is therefore dependent upon it. Fhe easiest way to handle this prob¬

lem is by assessing the spatial peak SAR values of different samples from mass

production and rising appropriate statistics to assess the source uncertainty.

In addition to labor and investment oveiheacls. the ability to perforin dosimetric

evaluations with a small degree of unceitaintv will be the deciding criteria in the

selection of a standardized evaluation technique for testing of RF transmitters for

compliance with safety sf andards.

2.3 Methods for Dosimetric Evaluation

2.3.1 Numerical Methods

This section gives an overview of the numerical methods used for dosimetric evalua¬

tion of exposure from MTE. as well as a detailed icvicw of the latest developments.
For more complete infoimation on early exposuic assessment from non-ionizing ra¬

diation, the readei is referred to [11. 12. 13].

Analytically Based Methods

Early dosimetric data on whole-hodv and local specific absorption rates inside bio¬

logical bodies was based on plane wave exposure of homogeneous or layered spheres
and prolate spheroids, such as using fhe Mic scattering technique [14. 15, 16, 17].
Early dosimetric studies for neai-lield exposuic of humans at frequencies below a

few hunched MHz weie pcifoinred using analytical expansion methods such as long-

wavelength analysis [18. 191. the ECended Boundary Condition Method (EBCM) [20]
[21] and the Iterative Ertended Boundary Condition Method (IEBCM) [22. 23]. These

techniques were not only limited to the lower frequency band, basic antenna struc¬

tures and geometrically simple bodies such as prolate spheroids, but also with îespect
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to the maximum proximity of the souice from the body. i.e.. to the farer near-field.

Subsequent interest in these techniques has long since declined clue to their rigid

limitations.

Recently, R. W. King has published analytical expressions for layered biological

structures exposed to the near-held of dipoles [24], Comparison of his results with

data given in [23] shows good agreement. Howevei. comparisons with data from

other studies has been reported to be îathei difficult, clue to a lack of information,

such as an incomplete description of the setup, feedpoint impedances, etc..

Method of Moments (MoM)

The Method of Moments (MoM) was originally presented in a very general formu¬

lation for the solution of partial differential eepiafions icpresemted by a system of

linear equations [26]. In electromagnetics the term MoM is commonly referred to

those techniques where charge and cunenf distributions described by an integral

equation are discretized. This method allowed more realistic models of humans ex¬

posed to plane waves to be developed, initially based on the electric-field integral

equation (EFIE). MoM -was applied to arbitrarily shaped biological bodies in [27]
and for a bfock model of a human in [28]. leading to a dense matrix system.

Eaily dosimetric information for a biological body in the neai-field of a source

other than an aperture souice was presented m [29] for a rectangularly shaped body

close to a dipole antenna opeiating at 50 MHz. Hie solution obtained by a MoM ap¬

proach expressed the sensitivity of absorbed power and antenna parameters, such as

the feedpoint impedance on the antenna-bodv location. It was concluded that, input

power levels as small as 20 W for certain dipole locations may result In potentially

hazai clous fields. Comparison with mcasuiements for a prolate spheroid close to a

dipole antenna from 27-90 MHz using a Moment Method (MoM) was presented in

[30].
Restrictions of this method when using delta functions as test functions with re¬

spect to a limited number of cells, constant field behavior within one cell, insufficient

satisfaction of fhe boundary conditions between the cells and instabilities [3L, 32]
can be partially overcome by using a number of modifications and improvements

[33. 34. 35]. A block model of a human exposed to a dipole antenna and simulated

with MoM was presented in [36] but with major limitations,

A MoM implementation with some potential for exposure assessment and compli¬

ance testing is sruface-discretization MoM. which allows the modeling of arbitrary di¬

electric and lossy domains. This technique has been successfully applied to antennas

in the vicinity of lossy bodies m [37. 38, 39]. The îestriction to largely homogeneous
bodies does not constitute a disadvantage for compliance testing since homogeneous

phantoms are accepted bv legulatorv bodies. Limitations with îcspect to modeling
the various lossv dielectric mateiials of the phone mav be a greatei handicap when

compared to other techniques.

Generalized Multipole Technique (GMT)

During the eighties, several groups woiked on methods similai to the Mie scattering

method. These methods, unified undei the name Generalized -Multipole Technique

(GMT) [40. 41]. approximated the unknown field in homogeneous domains using sets

of basic functions. The expansions, most commonly but not necessarily multipole
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expansions, are matched on disciele points on the boundaries of the domains. The

resulting overdctermined system of equations is solved in a least square sense. Infor¬

mation on the mismatching of the fields can be used with some restrictions to assess

the worst-case uncertainty of the solution. Ilowevei. GMT is limited to homogeneous
linear domains which arc not \ery complicated m shape [42. 43]. Although the thin

wire approximation as well as line niultipoles have been introduced, the modeling of

complicated antenna structures is limited in practise [41, 45). Nevertheless. GM41 has

proven to be a very efficient method foi geneial studies investigating the dependence
of the exposure on various parameters, due to its ability to assess the uncertainty of

the solution: for example, the study on the absoiption mechanism in the near-field of

dipole antennas above 300 MHz in [25]. antenna efficiency studies of different dipole

configurations near lossy objects [10. 17]. etc. The method is also routinely applied
to achieve reference solutions [48. 49. 50. 51]. Iu addition, it has also been applied
for compliance tests for devices which can be well represented by a simple dipole

structure [52).

Finite Element (FE) Method

The Finite-Element (FE) method was popularized in electromagnetics by Silvester

and Ferrari [53]. Within FE the whole computational space is discretizeel, allocating
fhe unknown field values originally in the nodes of the finite-element mesh. Linear

or polynomial expansion functions are associated wifhm each element. A vaiiational

method or a method of weighted residuals is used to obtain a system of equations

with a sparse matrix. Original problems with spurious modes and open domains en-

corn aged work related to hybrid schemes paired with boundary element methods and

edge-clement techniques [54]. Recently work has been done to adopt Berenger-style

boundary conditions [35]. Eaily work on human tissue interaction with electromag¬
netic energy using the Finite Element method was repeated in [56] for microwave

absorption by a cranial stiuctrne and for hvpcithermia treatment in [57, 58, 59].
The thermal îesponse of a coaise block model of a human in the near-zone of a res¬

onant thin-wire antenna from 43-200 MHz using MoM and Finite Element Method

(FEM) was calculated in [60]. Moie lecently. the technique has been applied to study

absoiption during MRI diagnostics [61].
Although FE allows the modeling of more aibitraiily shaped bodies, it has not

been as extensively used for MTE related absorption studies as FDTD. This is due

to the fact that its implementation is not as straightforward, and reliable automated

discretizations of complex 3D structures such as human heads is still not possible.
An absorption study related to MTE using a FE technique was recently reported for

a box model of biological tissue close to a dipole antenna operating at 900 MHz in

[62].

Finite-Difference Time-Domain (FDTD) Technique

The Finite-Difference Time-Domain (FDTD) technique is euirenily the clearly lead¬

ing technique for exposure assessments. It was initially introduced bv Yee 163]. The

whole computational space is chscictizcel in voxels of homogeneous mateiial. Orig¬
inally proposed on a staggered cubical grid, the electric field components are allo¬

cated tangentially at the middle of the edges between adjacent nodes, the magnetic
field components respectively on a dual grid. With initial field conditions, the dec-
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troiuagnetic fields arc calculated m the timc-domam following an explicit leap-frog
algoi ithm. Initial problems with open domain boundaries weie the subject of exten¬

sive lesearch in the eighties. A boundary condition, which has recently gained much

popularity is Berengei's Perfectly Matched Lai/tr (PMLj [64], offering an increased

dynamic range for numerical computations. The finitc-integiation (Fl) technique in

the time domain [65] is conceptually slightly different from FDTD. but leads to the

same numerical scheme. Disadvantages of modeling restrictions related to rectilin¬

ear grids have been partly oveicome by means of a variety of approaches such as

Contour-Path modeling [66] and Finite- Volume formulations [67]. Today, standard

features for complex modeling include graded grids [68]. partially filled cells [69].
subgriddhig [70] and impoiting CAD data 71].

In the context of dosimetric applications. FDFD was first applied to assess the

absorption in a human eye exposed to an incident plane wave at 750 MHz and 1.5 GHz

[72]. Later. FDTD was used for a variety of dosimetiic problems, e.g.. for human

far-field exposure [73. 74]. working place exposuic [75] and hyperthermia research

[76]. Moie recently it has been applied to mobile phone related issues in [77. 78, 79.

80, 81. 82, 83, 84. 85. 86. 49. 87. 88, 89. 90. 50. 91. 92. 93. 94. 71]. Many of these

studies weie based on human head models developed from clinical MR1 data. Due

to the possible straightforward implementation of the algorithm, simple modeling of

complexly shaped structures and the availability of computational power, FDTD has

become the first choice for MTE related exposuic assessments. However, limitations

are still seen, due to the lather difficult depaiture from the commonly used rectilinear

grid and cell size limitations regarding veiv detailed stiuctuies of a handset which

might be essential for reliable compliance testing. Some major advantages arc the

straightforward modeling within rectilinear guds and the robustness of the technique,

enabling the implementation of easy-to-use tools.

Hybrid Methods

Since each method has its paiticular strengths and limitations, it is tempting to com¬

bine different methods in hybrid approaches, in such a way as to combine the advan¬

tages of the individual methods. A veiy simple hybrid approach is an unidirectional

or explicit scheme, whciebv the solution of one method is taken as the excitation in

a second method. Original limitations of FE techniques to deal with open space have

been partially oveicome by employing implicit hybiiel techniques, coupling FE with

boundary element methods [93], Howevei, improvements in boundary conditions for

FE techniques have made many of those hybrid approaches obsolete.

A hybridization of the eigenfuuetion expansion method and MoM has been used

in [96] to assess absorption in thin skin laveis rising a spherical head model at high
frequencies (30 GHz). Minimization of exposme was achieved through use of direc¬

tional antennas, since the human head is ahcaclv m the fai-ficld at these frequencies.
A combination of GMT and FE has been piesented in 97] and was subsequently

generalized into a combination of MoM. GMT and FE '98]. The applied itciative

hybrid scheme lias the advantage that the ciiffeicnt codes do not have to be changed,
i.e.. generation of a complex combined matrix, which usually eliminates the advan¬

tages of a combination, can be avoided. A similai approach has been proposed by
[99] combining MoM and GMT. It has been applied to a sronciic handset in the close

vicinity of a lossy spheic. fhe handset was simulated by MoM and the sphere by
GMT.
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A problem inherent in hybrid approaches is the difficulty of achieving an imple¬
mentation in which nrodeling of realistic setups is straightforward and robust and

which does not require the user to have much knowledge of the hybrid coupling and

the various techniques employed

2.3.2 Experimental Methods

2.3.3 Temperature Probes and Radiation Thermometry

A very straightforward and neveithcless elegant design of a temperature probe for

measurements in RF electromagnetic environments was presented by Bowman [100]
in the mid seventies. It is based on a high-iesistance thermistor as sensor which is

connected to four resistive leads (appiox. 160 kOhms/cni) whereby the current is

induced in two of these and the voltage monitored across the other two. This en¬

sures that the probe becomes highly RF transparent but not completely insensitive

to RF exposures and temperature changes in the leads. Nevertheless, precise tem¬

perature rise mcasuienients can be conducted when the necessary precautions for a

well designed setup aie followed.

[101] suggested the use of a standard voltmeter module to drive the sensor and

evaluate the signal. Lately, it has been shown that, the sensitivity can be increased

up to ±0.15mK/s (10 s evaluation time) by using specialized electrometer grade

amplifiers and software for filtering [51].

During the eighties optical tcmperatuie sensors weie developed and commer¬

cialized for applications such as temperattue control in high voltage transformers,
industrial microwave heating, hyperthermia, etc.. The optical effects employed were

temperature dependent fluorescent decay of phosphorescent layers or interferomctric

microshift of cavity resonatois. Since the sensois are driven and monitored by opti¬
cal fibers, they provide a high degicc of immunity to RF exposuic. However, a lack

of sensitivity makes these probes unsuitable for SAR evaluation in the range of the

safety limits.

Thermistor probes were already used in the late seventies foi exposure assess¬

ments of handheld communications devices inside human phantoms [102, 103], How-

evei. the minimum measurement time per point and the need to reach thermal equi¬
librium prioi to each measurement, usually involving sevcial hundred measurement

points, make theinfistoi probes unsuitable for sfandaidizcel dosimetric evaluations.

Curiently, tcmperatuie piobes are applied in dosimetry foi temperature transfer

calibrations of E-field probes as well as for specialized dosimetric tasks [51, 25. 104].

Radiation thcrmometry. which dates back to the caily seventies, is a more time

efficient method which assesses the tcmperatuie lise caused by the absorption of elec¬

tromagnetic encigy [105]. The technique can be easily applied without, any interfer¬

ence and provides valuable infoimation on the temperattue distribution on surfaces.

More lccently. this method has also been empkned to studv human exposure from

mobile phones using chy ceramic phantoms [106. 107] and dry phantoms composed
of resin arid graphite [108]. Foi utilization during standardized compliance testing
the technique has sevcie limitations with respect to sensitivity and rcquuements for

ambient control [109]. especially since volume scans aie piactically impossible due to

the restrictions to ccitam cross-sections
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2.3.4 Dosimetrie Field Probes

Miniaturized, isotropic three-dimensional diode loaded E-field probes were first pre¬

sented in [110]. Since then, thev have been used for vanous dosimetric studies

[1 lt. 112]. The probes consist of tlnee small orthogonally positioned clipolcs. which

are directly loaded with Schottky diodes. The theory of this approach has been

described in detail in [113].

Originally, transmission lines of relatively low resistance (<50kQ) have been used

for E-Field probes, resulting in secondary modes of reception which appear partic¬

ularly at lower frequencies. More recently, improved performance over a broader

frequency range (f0MHz-3GHz) has been achieved by employing high-ohmic lines

and distributed filters placed immediately behind the sensor [114]. Performance

evaluations of several probe designs have revealed that probes with orthogonally

positioned sensors have an isotropic lesponse with spherical deviations of between

±0.6 and ±3.5 dB. These major deviations are caused by diffraction inside the di¬

electric material of the probe, whose permittivity differs greatly from that of the

surrounding media. Significantly improved peribnnance was achieved by adjusting
the alignment of the sensor dipoles so that their receiving pattern becomes orthog¬

onal to the incident field [115]. Probes whose deviation fiom spherical isotropy is

better than ±0.3dB in tissue simulating material have been developed [116]. More

recently, miniaturized E-ficld probes ha\c been developed for special tasks such as

the characterization of larger piobes (e.g.. boundary dfods. spatial resolution, etc.).
dosimetric measurements inside small structures (e.g.. small animals, in vitro dishes,

etc.) and special physical phenomena. One such single-sensor probe described in

[117] has an outer tip diameter of only 1 mm. The orientation of the dipole sensor

of 0.8mm length inside the tip has been optimized to ensure isotropy (deviation

<±0.2dB) by rotating the probe around its axis and taking three sequential mea¬

surements in 120° steps. Pieeise and repeatable on-the-spot rotation (< ±0.1 mm)
can be realized by using a high precision robot in combination with a light beam

probe alignment, device. The probe provides about the same spatial resolution as

temperature probes but with a significanth highci sensitivity (<0.05mW/g) and

independence from actual temperatuie fluctuations.

Several groups are currently working on developing fiberoptical E-ficld sensors

foi various kinds of EMC applications. These sensois utilize electro-optical effects

such as the Pockel's effect [US]. The advantages of this technique arc the non-

metallic construction, broad-band applicability and foicmost the ability to measure

in the time domain. However, the sensitivity and spatial dimensions of the suggested

implementations do not meet current requirements for dosimetric evaluations.

The classic calibration technique for E-ficld probes in lossy media is transfer

calibration using temperature probes [25. 101]. As an alternative, a waveguiding

technique has also been suggested in [119]. A new approach also based on waveguides
has icccntly been introduced picniding bettei precision and improved traceability of

the procedure to powci mcasuienients. as well as better robustness and efficiency

[120]. The standard unceitaintv of this technique was assessed to be better than

±3.5% but icquiics seveial waveguide setups to cover the frequency range between

800 MHz - 2.5 GHz. Due to the incicasing size of waveguides with larger wavelengths,
at, lower frequencies calibration is best performed with transfer calibration using

tempeiafure probes. Anothei proposed technique is based on computer simulation.

Tins method icquiics a detailed model of the probe and provides poorei precision
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than in experimental calibration techniques r104].
In addition to calibration techniques, proceduies have also been developed to fully

characterize the peiformance of probes in tissue simulating liquids. These include

assessment of the uncertainties due to field disturbances, deviation from spherical

isotropy, spatial resolution, boundary effects and secondary modes of reception [117].

2.3.5 Free-Space Field Probes

Free-space scans of the electric and magnetic near-field of RF transmittcis provide

important information about, the qualify of the RF design of antenna and device.

For example, pool design of handheld witcless communication devices may result

in significantly impaired radiation performance due to large increases of power loss

inside the device and through absorption if opeiated m the closest vicinity of lossy
strucfuics. It is even possible that malfunctions might occur in certain near-field

environments. Hence, free-space near-field evaluations can constitute a powerful

design tool.

In special cases, magnetic and electric near-field scans can also be used to demon-

strate compliance with safety limits, such as fen indoor base stations or other indoor

antennas.

For the above applications, near-field probes optimized for measurement in air

have been developed [114], In order to obtain a maximum of information, it is

often advantageous to align the three sensors with a specific coordinate system with

respect to the antenna. This is facilitated by the fact that one of the isotropic electric

field probe's sensors is aligned along the probe axis with the other two normal to it.

Equivalent to the optimization rnocedure employed in the design of the dosimetric

probes described in [If4]. the spatial orientation of the «elisors has been adjusted
in order to compensate for the field distortion inside the probe caused by the core,

substrate and protective shell. The spherical isotropy achieved hereby is better than

±0.1 dB.

An isotropic near-field H-field probe optimized for the mobile frequency range

has been described in [116]. This new probe consists of tince oithogonally and con¬

centrically arranged loops. The 3.8mm loops with rcsistively loaded detectors were

designed to achieve optimal sensitivity at the desiied frequency range of 300 MHz to

2.5 GHz (deviation from isotrope: < 0.2 dB). In free space, probes are usually cali¬

brated in the far-field, e.g.. [121]. Due to the small dimensions of these near-field

probes and their RF transparency, calibration in waveguides has been proposed for

the frequency lange between 80Ü Mil/ - 2.5 GHz and TEM-cclls for below 1 GHz

[104]. providing a precision of better than ±5%.

2.3.6 Automated Near-Field and Dosimetric Scanners

The experimental assessment of the thiee-dimensional SAR distribution within a

phantom easily involves several hunched measurement points. Especially at higher
frequencies, the locations of these points with icspect to the phantom must be known

with the greatest precision in oidei to obtain îepeatable measurements in the pres¬

ence of rapid spatial attenuation and field variations. High precision is especially

requued to accurately evaluate the SAR close to the surface, since fhe physical di¬

mensions and boundary effects pi event measurement dnectly at the surface, such

that the values at the smface must be obtained by careful extrapolations with ap-
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propriatc functions. Due to the consideiably huge number of measurement points

and extensive data processing icquiiecl. it is obvious that the measurement process

must be highly automated if such measurements must be performed routinely.

Several automated scanning systems based on E-field probes have been imple¬
mented. Systems developed m the SOs range from one-dimensional positioners [122]
to tin co-axis scanners [123] and on to six-axis robots [124]. The first veision of the

lattci goes back to the early 80s and has been continually improved and extended

since then.

Systems explicitly designed for evaluation of handheld or body mounted trans-

mitteis are described in [J 14]. [124] and [125].
The scanner described in [114] incorpoiatcs a high precision robot, (working range

greater than 0.9 m and a position repeatability of better than ±0.02 mm), advanced

dosimetric E-field probes (see previous sections), an optical proximity sensor for au¬

tomated positioning of the probe with lespect to the phantom surface (precision
better than ±0.2 mm) and sophisticated softwaie for data processing and measure¬

ment control. The generic twin phantom (enables testing of left-hand, right-hand
and body mounted devices without requiring a change of phantoms) was developed
with the objective of covering fhe maximum exposure occurring in over 80% of the

entire user population [125]. A test pioccdure based on a calibrated dipole has been

mtegiated which enables verification of whethci the system is operating within its

specifications. This check also ensures that all laboratories working with the above

system will assess the same SAR values within ±12% (k=2).
The analysis of the uncertainty budget peifoimed in compliance with the NIS81

[126] and the NIST1297 [127] documents has shown that a precision for spatial peak
SAR evaluation of better than ±12% (k—11 is achieved, which is excellent when

compared to the common uncertainty of fai-field measurements. The uncertainty for

the 95% confidence level (k=2) of < ±24 % is acocjdable foi compliance testing.
In addition to the spatial peak SAR limit, the same instrumentation also enables

delcrmination of the total energy absorbed in the user, which is another important

measure for device performance.

Several other systems based on similar concepts have been developed at various

univcisities [128. 129] or commercialized 130. 131].

2.4 Review of Basic Studies on Absorption in the Near-

Field of MTE

2.4.1 Introduction

The availability of reliable instrumentation oi simulation techniques for precise as¬

sessment of SAR distribution inside tissue simulating materials is an essential prereq¬

uisite for the implementation of compliance testing standaids, Howevci, in order to

enable generalization of dosimetric evaluations conducted with a particular setup to

the exposure oceturing in a specific cross-section of the usei population, extensive in¬

formation about the dependence of the absorption mechanism on various parameters

is necessary. This includes:

• the dominant absorption mechanisms, in oider to derive the parameters that,

most affed absoiption:
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• the effects of anatomical variability such as head shape, tissue distribution and

tissue parameters, etc.:

• the effect of the hand:

• the effects of accessories such as the met allic frames of optical glasses, jewellery,
medical implants, etc.:

• the effect of the variability of the position of the phone with respect to the

head:

• the requirements for handset modeling, in case the instrumentation or proce-

clure does not allow testing of the actual physical device.

Answers to these questions are jsaiticulailv important so that a dosimetric eval¬

uation performed using a particular setup (phantom, phone position, etc.) can be

geneializcd with respect, to the exposure of the entire user population. The later

is especially important in vienv of standardized compliance testing with safety lim¬

its. Significant insights into these topics has been gained during recent years, the

publications of which arc reviewed in this Section.

2.4.2 General Absorption Mechanism in the Near-Field

The energy absorption mechanism m the close near-field of dipole antennas operating
above 300 MHz was investigated in [25\ The dependence of the absorption on the

frequency, cfedrical tlipole length, distance between dipole and tissue, and shape of

the lossy struct rues was investigated. The results icvealed that the dominant in¬

teraction mechanism for all configurations is inductive coupling, i.e., surface/eddy
curients induced by the incident magnetic field. The strong dominance of inductive

coupling over capacitive coupling enabled the proposition of an approximation for¬

mula, the precision of which was assessed to be beriei than ±3 dB independent of

frequency, distance, tissue parameters, antenna length, etc. These findings weie es¬

sentially confirmed by [24]. In [43]. it was further shown that this approximation also

results in veiy accurate results for helical antennas. In oi der to allow for estimations

of the spatial peak SAR. the scope of the approximation was extended in [132].
The main conclusion of these findings is that the absoiption as well as the spatial

peak SAR values are propoitional to the square of the magnitude of the current and

not to the input power. This means that an antenna with a feedpoint impedance
of 10 Ohms can potentially induce five times the absoiption compared to a 50 Ohm

antenna for the same radiated powei. In addition, the study icvealed that fhe 7 Watt

exclusion clause of the ANSI standard [133] for low-power communication devices was

in direct contradiction with the basic peak SAR limits.

2.4.3 Tissue Parameters

The dielectric properties of tissue simulating materials at a specific frequency should

accurately coirespond with the dielectric propeities of living tissues, Since the SAR

is defined as the time rate of eneigy absoiption per unit weight, only the macro¬

scopic simulation of the tissue's permittivity t. permeability // and conductivity p

are lequhed. Generally, dielectric propeities have been collected from animal tissues,

for which laige variations can be found in the open liteiattire. This is clue to the
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difficulties encountered when handling living or freshly excised tissues during data

collection and due to the natural variations of tissues. Data collected cliiectly from

human corpse has large unccifainties. since right after death the dielectric proper¬

ties might change chastically. m paiticular changes m water content in biain tissues

[134]. The most recent dielectric data from living tissue can be found in [135] and in

[136] which, however, differ considerably in both permittivity and conductivity. An

overview of dielectric data found bv different researchers can be found in [137].
Since the absorbed energy depends strongly on the tissue parameters e and p, it is

desirable to know them with highest, accuracy. Umfortrmatly. little reserach has been

conducted to perform a thorough uncertainty analysis for available dielectric data for

human tissues. However, since the natural variability of these parameters within the

MTE user group and in time might be considerably, the chosen dielectric parameters

for a compliance pioccdure must be chosen in a worst-case approach rather than

representing a specific person at a specific time.

2.4.4 Modeling of the Human Head

Many different phantoms have been used in the past to assess RF tiansmitter related

exposure, ranging from simply shaped bodies such as spheres, boxes and cylinders
to more realistic complex phantoms including MRI and CT derived models with

resolutions down to 0.125 mm/

Whereas early numerical assessments were largely limited to simply shaped bodies

due to computational restrictions, i.e., spheres [138. 139], prolate spheroids [20, 21],
multilaycred slabs [140] oi brick phantoms 29, 30], complex experimental phantoms

were used ftonr veiy early on. Anatomically shaped homogeneous phantoms filled

with tissue simulating liquids or gels were used in 103. 112. 141] as well as dry ceramic

phantoms [106, 107, L08. 112]. In addition, studies have been performed using multi-

tissue phantoms [48, 122] and phantoms based on real human skulls packed with

various types of tissue [102. 122]. A realistic phantom of the whole body of a man

including simulated bone, brain, muscle and lungs was used in [143]. Most recently

a 5-t issue head phantom consisting of skin, muscle, bone, eye and brain tissue has

been constitided and made commercially available [144. 48].
The increasing availability of powerful comprit eus with adequate processing and

memory resouiees fiom the early 90s onwaids has enabled the simulation of realistic

MRI. CT, etc. based head phantoms usiii" FDTD [145. 146. 147. 148, 149. 77, 150.

151.152. 79. 133.151. 155. S3. S2. 81. 156, 90. S6. 137. 158. 49. 87. 88. 85,159. 160. 50.

92. 94. 71]. Today, resolutions of 0.125 mud for parts of the head are state-of-the-art

on high-end woikstations [161].
Only the availability of such phantoms which can be straightforwardly discrcrized

foi FDTD based on CT oi MRI scans has made systematic parameter studies

with lesped to the infernal anatomy possible, fhe authois of [85] compared non-

honiogeueous with homogeneous modeling, whereb} the tissues were replaced by
brain simulating tissues. Fhe authois icported an overcstimation of about 40% for

the 1 g spatial peak SAR values. Other studies found a consistent but low overcstima¬

tion for the spatial peak SAR values, e.g.. the authois of [87j reported no significant

change of the maximum SAR value m the bram for a variation in the conductivity
of skin. For oidinaiy use of the MTE. the heterogeneity of the head was icported to

ha\ e little effect on the maximum SAR values.

The absorption in seveial high-ievolution phantoms derived from MRI data of
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various persons was compared at 900 MHz for exactly the same exposure conditions

including the source in [49]. The overestimatiou reported was 25% for the 1 g and 10%

for the 10 g spatial peak values for a tissue composition with slightly higher dielectric

parameters than the average values between white and gray brain tissues. A similar

study was performed by the same authors at, 1800 MHz [50]. The results were similar

with an overcstimation of about 20% for the 1 g and 5% for the 10 g spatial peak values

using a tissue-simulating liquid whose conductivity (er = 41.0. a = 1.65 mho/m) was

considerably larger than that of brain-average eauivalent tissue (cr — 42.3, ct =

1.2 mho/m). The authors of these two studies concluded that the variability of the

tissue structure could be best covered by leplacing the non-homogeneous structure

by a homogeneous phantom of appropriate shape and dielectric material. For very

high frequencies the absorption in a spherical head model has been investigated by

[96] in the Ka-band (e.g., 30 GHz), reporting high absorption in the skin layer clue

to the small penetration depth.

An early study investigating possible differences in absorption between children

and adults by scaling the numerical model by 0.7 to the head size of a 1 year old infant,

found comparable or lower values for the smaller head model [79]. Another study on

possible differences in absorption between children and adults was reported in [85]
by scaling the phantom used in [84] to the size of children according to body size and

weight. Significantly higher 1 g averaged SAR at 835 MHz and a greater penetration

depth was found in the case of the children's heads. These findings could not be

confirmed by [94] using head models of MRI data of 3 and 7year old children as

well as variously scaled heads. No significant increase in averaged SAR, values or

penetration depth was found when the dipole source was kept at, the same distance

from the head. The spatial SAR values for children were within the variations found

between various adults, suggesting that the maximum exposure occurring in the user

group including adults and children can be assessed by using a single phantom of

appropriate shape and composition. An explanation for part of the differences found

in [84] might be the closer proximity of the source for the scaled heads as compared
to adult heads.

In [86] realistic head models derived from CT and MRI data were compared with

canonically shaped bodies (boxes and spheres), based on which the author concluded

that the box overestimates the exposure to a great extent, whereas the sphere could

be used for a worst case SAR approximation. Weak dependence of the feedpoint

impedance of a generic phone for spherical or realistic head modeling, but significant
dependence for radiation characteristics was reported in [82]. Higher SAR values

were found for the iuhomogencous head compared to the spherical head model.

The authors in [88] reported a significant effect of the modeling of the auricle

on the maximum lg spatial SAR values assessed with FDTD using a 15.6 mm3

resolution and a non-pressed ear. In [161] a pressed ear as occurring in a real world

MTE situation and based on MRI data was modeled with 0.125 mm3 resolution

and simulated with FDTD. Although high local one-voxel SAR, were found in the

ear auricle, spatial averaged SAR values were not significantly higher compared to

a homogeneous model without car and an appropriate spacing between phone and

head.

Although the head shape does not significantly alter absorption, it, is nevertheless

of great, importance, since it defines the distance between the source of the magnetic
field and the tissue for a given position of the RF transmitter with respect to the
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head. The compliance testing requirement to cover fhe highest absorption occurring

in real life can be satisfied if the distance between the phantom and phone parts in

the fest setup is not larger than the minimum distance occurring within the user

group between the phone and fhe skin. In ordei to develop a phantom satisfying this

requirement, data of the head shape in the eai region was measrucd for a total of 52

adult volunteers (male and female) fi om which a generic phantom head was derived

[125]. It was constructed in such a wav that fhe distance between the phone structure

and phantom surface is always smaller than to* 90% of the investigated people. The

thickness of the compressed car was also evaluated, lesulting in an average thickness

of about 6 mm and a 10%-peiccntilc thickness of 4 mm. So far, no investigations on

the thicknesses of the compressed ears of children have been conducted.

2.4.5 Effect of the Hand

In [82] numerical research was focused on the effect of the head and hand on the

performance parameters of monopole and PIFA antennas mounted on a simplified
radio. It, was reported that the antenna impedance in the case of the monopole was

largely unaffected by both: the piesence of the hand at the investigated distance,

and the complexity of head modeling However, radiation patterns were affected to

a greater extent.

Authois in [87] reported that the vaiving hand positions scaicely affect maximum

spatial SAR values as long as the band does not shade the antenna. [86] and [79]
reported that modeling a hand around the device results in lower spatial peak SAR

values in the head compared to the same configuration without the hand at 900 MHz.

At 1800 MHz the opposite result was found m 79].
In the case of a sleeved dipole antenna the maximum spatial SAR values were

unaffected [90] at 900 MHz whereas decieasecl -willies in the range of 30% were found

for a whip antenna at the same frequency.
The problem inherent In manv of these numerical studies is that the hand was

simulated using simple block models which can oulv pooily represent the complex

anatomy of a real hand. Due to the difficulties oi modeling a realistic hand grasping
the phone in various positions, the effect of the hand was experimentally studied in

[125] using a teal hand. The studies were peifoimod using commercially available

cellular phones. The frequency bauds investigated were 450. 900 and 1800 MFIz. Each

phone was grasped in thiee different ways. The highest spatial peak SAR values of

these three wa\s of grasping the phone testified m no or only a slight reduction of

SAR values as compared to the values assessed in the absence of the hand. This

suggests that the upper exposure range occurring nuclei ical-life conditions is best

described by neglecting the effect of the hand.

2.4.6 Metallic Accessories Sz Environmental Effects

The effects of metallic accessories, sued as spectacle fiâmes and jewellery, have been

investigated in [48] and summaii/ed in 425] based on woist-case scenarios. The

authors concluded that it is unhkdv that metallic acce^sones significantly incicase

absoiption.

Possible* enhancement in SAR due to medical implants was investigated in [162].
simulating lesonant wire and drie stiuctuies inside and outside a tissue-simulating

spherical body. The excitation was a 0. !5A dipole. Enhancement of up to a factor of
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about 40 were found for the local peak SAR and a factor of 1.6 for the spatial peak
SAR, value averaged over 1 g. Similar results were reported in [48] for various tissue

types in which enhancement factois of several hundred times were reported. Such

discrepancies are not surprising since the local peak SAR strongly depends on the

sharpness of the metallic struct tues.

The dependence of energy absorption clue to use of a MTE in partially closed en-

vironments was investigated in [90], The simulations weie performed using a realistic:

head model derived from CT data (1.25 mm"* voxel size) exposed to a generic phone
either equipped with a sleeved dipole antenna or a whip antenna inductively loaded

with a helical coil. Ncaiby metallic walls spiead the SAR distribution and decreased

the maximum spatial 1 g SAR value by moie than 30% m ccitain configurations and

increased the spatial peak SAR values by more than 110% in others. These results

seem to contiaclid the absoiption mechanism and wan ant further investigation.
A large body of literature is available on RF intcifcicnce of medical devices by

mobile communications transmitters. Foi a summary on this subject the reader is

referred to [163].

2.4.7 Handset Position

Since the absorption mechanism suggests that the SAR is approximately proportional
to the square of the incident magnetic field stiengths at the skin surface of the

user, the dominant parameter for the exposuic is the current distribution on the

phone and its position with respect to the head. The strong dependence on the

crurent distribution and position was demonstrated experimentally by the spatial
peak SAR values assessed foi différent phones and positions in [f 32. 10]. The effect

of position can be larger than a factor of throe. This strong dependence underlines

the importance of the shape of the phantom as well as the need for test positions to

be very precisely defined in order to achieve reproducible icsulfs between different,

laboratories. Some of the rather large differences of the spatial peak SAR values

reported in the literatuie can be attributed to the* different positions of the phone.
For example, many of the FDTD analyses weie peifoimed with the phone oriented

vertically or horizontally to the head [149. 151. 152. 79. 154. 155. 83, 156, 90, 86.

164] whereas most of the experimental assessments were measuied in more natural

operational positions. Lately, tilted head phantoms have been used so that the ear

piece and microphone is positioned on an imaginai y line between the ear and mouth

but still 90° with respect to the line connecting both anditoiy channels [82, 84, 88,
87. 165]. Some studies have used more realistically tilted numerical head models

[85. 159. 71] for absoiption studies of MTE. although a touch position as defined in

[4] has been difficult to leali/c.

2.4.8 Handset Modeling

As important as a well defined position is the exact magnitude and distribution of the

cmlent on the phone. A study comparing numeiical and experimental procedures

[93] showed that for the same field magnitude but slightly different current distribu¬

tions, the spatial peak SAR differed by more than 50% for some phone positions. The

magnitude may cliffci by moie than 30% from phone to phone [10] even though the

output power at fhe adapter teimiiial lemams within ±0.1 dB. On the other hand,

excellent agreement was found between simulation and measurement, even though
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different phantoms and positions weie compared m [119. 166. 128]. Authors in [156]
compared a real MTE to a geneiic phone of analogous shape finding a fair agree¬

ment hi the results, concluding that moie accurate modeling of fhe phone is needed

for satisfactory validation. Subsequently improved detailed modeling of the phone
resulted in the same range of chfieiences between measurements and simulations as

for the generic phone [167]. The exposure clue to a CAD model of a handheld phone
was numerically investigated using FDTD m [71].

For studies in which position and phone, e.g.. a well defined generic phone, were

precisely described, a generally good agreement between measurements and compu¬

tations was found [168. 165, 169].

2.5 Review of Compliance Evaluations

2.5.1 Introduction

Dosimetric evaluations were not a requirement for handheld devices until a few years

ago. An exclusion clause for low powei devices introduced by ANSI in 1982 [L33]
and subsequently adopted by most international and national standards excluded

any transmitter having an antenna input powei of less than 7Wafts from test re¬

quit ements by assuming that thew intrinsically comply with the basic safety limits.

Only a few studies on fhe exposure of handheld or body mounted devices were

published befoie the early 90s. These included studies on dipole antennas in the

proximity of geometrically simple tissue-simulating bodies [29, 60. 139, 170] and

detailed experimental human phantoms [171. 172] as well as evaluations of com¬

mercially available handheld dispatch radios operated m front of the face or torso

[103. 102. 112. 111. 30. 171. 172. 122. 52]. The results of these studies were contro¬

versial with respect to the validity of the exclusion clause. Clarification was brought
about by the study on the absoiption mechanism '25] whose results implied that

the exclusionary clause strongly contradicted the basic limits. According to this

study, antennas with an input power of 1W at 1.5 GHz have the potential of in¬

ducing spatial peak SAR values of 5.7niW/g (lg averaged) at a 25mm distance

when the feedpoint current is increased to 350mA due to changes in the feedpoint
impedance. Even much high« values can be predicted foi closer proximity to the

body. Consequently, the exclusion clause was dropped during revisions of the stan¬

dards and authorities began to lequest compliance testing of handheld devices [132],
in particular for cellular phones.

A considerable body of literature dealing with compliance testing of cellular

phones with safety limits has been published during the last four years. In order

to simplify comparison of the leviewed studies, the Jesuits are either normalized to

the actual or nominal (foi commeidal devices) antenna input power of 1 W. This

Section is divided into more basic evaluations using geneiic phones and evaluations

peifoimecl for commercially available phones, Eutluations peiformed in the context

of exploring novel antennas for handsets prodding minimum encigy loss in the user

and improved îadiation perfoimance are reviewed in the following Section.

2.5.2 Generic Phones

In [77]. the exposure of a dipole in t he pi oximity of the face of a heterogeneous human
head model based on MRI scans was numerically evaluated at 900/1900 MHz. It was
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concluded that an exposure of less than 10 W/kg/W averaged over the eye is obtained

at a distance great er than 6 mm from the dipole to the eve at 900 MHz and at least

17 mm at 1900 MHz.

A dipole next to a simply shaped head was numerically investigated in [80] at

835MHz. It was concluded that the spatial peak SAR (lg averaged) for a cellular

phone operating at 0.6 W when placed fuith« awav than 2 cm is below the 1.6 W/kg
(i.e.. 2.7 W/kg/W) given bv the ANSI standard.

Studies [49. 50. 91] conducted with 0.15A dipoles (900 and 1800 MHz) at a dis¬

tance of 15 mm next to various heterogeneous and homogeneous head phantoms

(vertical position) have testified in 2.6 - 4.7 W/kg (lg averaged) and 2.1 - 3.2 W/kg
(10g averaged) for a feedpoint current of 100 mA. Assuming a feedpoint impedance
of 50 Ohms, this is equivalent to 5.2 -9.1 and 4.2 - 6.4 W/kg/W respectively. At

1800 MHz the corresponding values were 1 1.2 - 20.6 W/kg/W (lg averaged) and 9.0

- J0.6 W/kg/W (10g averaged).

The first detailed numerical study of a moie îealistic phone model (generic phone
equipped with a monopole antenna) in the closest proximity of a detailed heteroge¬
neous human head phantom was published bv 179]. the head phantom was derived

from a MRI data set and numerical]} icpiesenteel with a \oxel size of 2x2x2mm3.

The horizontal and veifical positions at the cai (ear not compiessed) were compared
for the operat ion frequencies of 900 and 1S00 MHz. as well as a position in front of the

eye. dure maximum exposure was achieved in the front position to be 4.7 W/kg/W
(lg averaged) and 3.1 W/kg/W (10g averaged) at 900MHz. At 1800MHz the maxi¬

mum exposure was 7.7 W/kg/W (lg aveiaged) and 4.6 W/kg/W (10g averaged), also

in the front position but with a hand grasping the device.

4die exposure of a homogeneous simplv-shapcd human model to a generic phone
with monopole antenna operating at 111/ 150/900 MHz was numerically investigated
in [38]. The maximum SAR for a distance of 5 cm antenna/head at 900MHz was

assessed to be 0.53 W/kg/W.
A generic phone equipped with a monopole and a hall-wave dipole was evaluated

using FDTD with a MRI based head phantom at 900 MHz in [173]. For a vertical

phone position and a distance of L5 mm between antenna (top) and head, the spatial
peak SAR values were 9.8 W/kg/W (lg aveiaged in skm) and 4.5 W/kg/W (10g
averaged in skin) in the case of the monopole antenna and 4.1 (lg averaged) and

2.9 W/kg/W (10g averaged) for the dipole antenna.

Very similar results were also reported in [86] for a generic phone equipped with

a monopole antenna (915 AlHz) in the vertical position and 15mm distance between

the phone and head. i.e.. the exposuic ianging from 2.6 to 8.6 W/kg/W and 1.8 to

4.8 W/kg/W averaged ovei l g and 10 g îespoetivclv.

A generic phone equipped with a sleeved dipole or a whip antenna in a partially
closed environment at 900 MHz was evaluated next to a heterogeneous head model

in a vertical position in [90] using FDTD, The exposuic was assessed to be nearly
always below 1.6 W/kg averaged ovei lg of tissue and an output power of 0.6 W.

except for the case with a whip antenna in a paifiallv edosed environment.

A genetic handset with a monopole antenna operating at 900 and 1500MHz in a

vertical position was evaluated using FDTD for a heterogeneous head model in [87]
and [88]. The lg peak SAR value for an antenna-head distance of 3.75cm (phone
touches car) was assessed to be below 3.4 W/kg/W and 7.1 W/kg/W at, 900 and

1500 MHz respectively.
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The exposure of a generic handset equipped with A/4 and 3/8A antennas was

evaluated with FDTD at 835 and 1900 MHz loi a vcitical and tilted standard posi¬
tions in [85] and [159], At 835 MHz the fg-averaged spatial peak SAR value ranged
from 2.7 W/kg/W - 1.9 W/kg/W and at 1900 MHz from 5.5 - 9.6 W/kg/W for an

adult head and the most recent available set of human tissue parameters.

Only a few studies have been made for transmitters in the near-field above 2 GHz.

In [84] a generic handset with different antennas operating at 6 GHz was evaluated

with FDTD for a heterogeneous head model in a tilted standard position. Two of the

antenna configurations were in compliance with the standard for a 0.6 W transmitter,

resulting in 1 g averaged spatial peak SAR values between 0.8 and 1.7 W/kg/W. A

third configuration was above the ANSI limit with lg aveiaged spatial peak values

of 3.4 W/kg/W.
The exposure in the Ka-band at 30 GHz due to a nearby dipole (2 cm distance)

was assessed for a layered spheie using a hybrid approach of the eigenfunction expan¬

sion method and MoM in [96]. For an undirected antenna configuration 1 g averaged

spatial peak SAR values of 10 W/kg/W and loi a directing configuration 0.J W/kg/W
were assessed.

2.5.3 Commercially Available Cellular Phones

The dosimetric evaluation of seven different commercially available NMT devices

(Nordic Mobile Telephone Standard: 890-915 MHz. maximum power 1 W). conducted

with an automated E-field scanner and a homogeneous shell phantom, was reported
in [174]. The spatial peak SAR for the intended use position ranged between 0.2 -

2.8 W/kg/W (lg averaged) and 0.1 - 1.S W/kg/W (10 g averaged).

[175] icported the results of an experimental evaluation of a mobile phone oper¬

ating at 890 MHz. The assessed exposuic levels foi an intended use position were

3.5 W/kg/W (lg averaged) and 3.2W/kg/W (10g averaged).
The exposure of ten different MTE devices operating at, 835MHz (0.6 W) was

evaluated using FDTD in a tilted standard position with a heterogeneous MRI based

head phantom as well as experimentally in [1493 The spatial peak SAR values ranged
from 0.3 - L.2 W/kg/W (fg aveiaged).

FDTD and a MoM approach together with a generic shaped head phantom were

applied in [81] to assess the absorption of an analog cellular phone operating at

450MHz (0.75W). The exposure for the Pinky antenna (13mm distance antenna-

head) was assessed to be below 0.3 and 0 3 W/kg/W aveiaged over 1 and fOg re¬

spectively.

Authors in [176] tested a TACS phone and GSM phone at 900 AIIIz using numer¬

ical and experimental worst-case considerations. They concluded that the exposure

limited by current standards was not exceeded.

Two mobile phones operating at 821-8 19 MHz. weie experimentally evaluated

using a homogeneous tenso phantom and an automated near-field scanner in [124].
The maximum spatial lg peak SAR was icported to be in the range of 0.1-1.6 W/kg
for the "classic" design with a sleeved dipole antenna and fhe so-called "flip'' phone
with a dual antenna system operating in vanous modes (FMCW 0.6 W. GSM 2W

peak, NADC 0.6 W).

Fin ce diffeient AMPS phones opeiating at 825-845 MHz (0.6 W) were tested with

a heterogeneous human head model based on a plastic skull packed with jellies using
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electric field probes in [177]. The maximum peak SAR was Ld W/kg/W in brain

tissue and 0.35 W/kg/W in eye tissue.

The evaluation of six GSM phones with extended and ich acted antennas (average

power of 250 mW) was published in [178], The phones weie tested in two different

positions with the near-field scann« described in [111]. In the standard position of

[4] the spatial peak SAR values ranged between 0.6 - 4.0W/kg/W (lg averaged)
and 0.4 - 2.8 W/kg/W (10 g averaged). In the worst-case position, the values ranged

from 0.8 - 8.4 W/kg/W (L g aveiaged) and 0.4 - 4.8 W/kg/W (10g averaged).
The exposure from two GSM (900 MHz: 250 mW) and two DCS (1800 MHz;

0.125 mW) devices was reported in [125] using a homogeneous shell phantom de¬

signed to cover the maximum exposure in 80% oi the MTE user group. At 900 MHz

the exposure was below 4W/kg/W (lg averaged), respectively 2.4W/kg/W (10g

averaged). At 1800MHz (125 mW) it was below 13 0 W/kg/W (I g averaged) and

6.4 VV/kg/W (10g averaged) foi all positions tested.

In [179] two handheld phones at 835 MHz and two at 1900 MHz were numerically

investigated with FDTD and a MRI based head phantom. The maximum 1 g aver¬

aged peak SAR values were assessed to be 4.9 W/kg/W and S.9 W/kg/W at 835 and

1900 MHz respectively foi a vertical phone position.

The CAD data cd actual MTE devices was used as the basis for the FDTD models

iu [71] and evaluated in a tilted position at a human head model based on MRI data.

The spatial peak SAR value averaged over 1 g was assessed to be below 3.6 W/kg/W
and 11.6 W/kg/W at 835 and 1900 MHz respectively.

Eighteen different european digital phones (250mW) were measured with the

dosimetric scanner as described in [125] and repented in [10], Each phone was tested

in up to 16 different configurations as specified by [4], The maximum assessed expo¬

sure ranged from 1.1 - 6.2 W/kg/W averaged over 10 g.

2.6 Review of Antenna Studies for Optimized Radiation

Performance with Reduced User Exposure

2.6.1 Introduction

Antennas for mobile communications equipment must not only be inexpensive to

produce, small, and light: they must also provide high ladiation efficiency in order

to conserve battery eneigy and ensure communications under bad radiation condi¬

tions. In addition, the antennas must withstand the mechanical and environmental

demands of daily usage (bending, dropping, etc.). Classical simple whip and helical

antennas mounted on the top of handsets arc fherefoie still the dominant antenna

type for current cellular phones. However, their omnidiiectional free-space pattern

with cylindrical svmmetiy is degraded when operated in close proximity to the user's

body clue to absoiption and reflections at the head. In general, the smaller the an¬

tenna and the closer to the head if is opeiated. the more diiedional its radiation

pattern becomes and the greater the amount of energy lost through absorption by
the us«. Since the resulting far-field pattern is similai to that of directional radia¬

tors, more sophisticated antennas with minimum energy loss m the user's head could

substantially increase radiation peiformance. An additional motivation foi improved
antennas is that the user's exposure could become a factor for a consumer's choice.

Theiefoie, seveial groups have begun investigating diffident antenna concepts
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providing high radiation efficiency and low us« exposuic. In fhe following, the most

recent studies, which explore antenna concepts foi mobile phones aimed at optimizing
radiation performance and minimizing us« cxposuie aie îeviewed.

2.6.2 Basic Studies

Directional antenna configurations have been suggested and studied to minimize hu¬

man exposure. In [180] airays of small clipoles of different directivity in fhe proximity

of a lossy sphere have been analytically investigated. The authors concluded that

directional antennas substantially reduce the energy loss whereby the disadvantage
of the enhanced front-to-back ratio is marginal.

A study aimed at deriving the basic design criteria for antenna structures with

reduced energy loss in the user's tissue and improving radiation efficiency was con¬

ducted by [47]. This study was performed on fhe basis of dipole structures (A/2
dipole combined with a directive or reflective element). The results showed that cer¬

tain directional half-wave dipole configurations result in lower absorption (>4dB).

higher efficiency (">70%) and a feedpoint impedance less affected by varying distances

from the head as compared to the standaid dipole. whereas other directional config¬
urations caused a contrary effect, i.e.. degenerated radiation performance. A closer

analysis revealed that the magnitude of the H-field strengths at, the skin was reduced

for those configurations providing improved efficiency and vice versa. Tire authors

concluded that the primary design criterion to improve the radiation efficiency is not

directivity, but the reduction of the maximum incident magnetic field strength in the

exposed skin area of the user's head. This finding is also consistent with [25].

2.6.3 Wire Antenna Configurations

A flat inductance loaded open sleeve antenna lias been presented by [181]. This

antenna, which has been commercialized, results in a minimum of cturents on the

phone case and maximum cuneut at the top of fhe antenna. Since the distance

between the head and the uppei part of the antenna is usually rather large for normal

phone positions, this design would minimize absorption losses in the user. Wire

and printed folded loop antennas for mobile phone applications were investigated in

[182], Their feedpoint impedances were reported to be less sensitive to the effect of

a hand holding the device than when Planar Inveited F-Antenna (PIFA) elements

are employed. A disadvantage is the high dihmg point impedance which poses a

challenge for the matching network.

A normal mode helical antenna with a parasitieally coupled monopole antenna

and L-shaped parasitic elements for Inveited-F Antennas (1FA) was investigated for

dual frequency applications m [183]. The increased bandwidth and the low profile
meet the requirements for wiieless applications. Combined helical and monopole

configurations for dual frequency use at 900/1800 MHz weie proposed in [184], None

of these studies provided data on the magnetic near-field or the energy loss when

opciafed in the vicinity of the users.

The efiects of human proximity on the circulai polaiization from a generic ax¬

ial model helical antenna mounted on a phone case was investigated in [185], and

significant sensitivity of the axial ratio was reported. However, the antenna and

handset were rather decoupled from the neaibv head, resulting in a stable feedpoint
impedance. This effect was attributed to the gieater distances and the dimensions



28

of the helical model.

The use of lossy ferrite shields on a ledangulai phone model with a A/4 monopole

antenna for tower absorption in a human head phantom was investigated with FDTD

in [92], Configurations with 13% low« 1 g SAR values weie found, whereas gain and

ratliation patterns were minimally affected. Peiformance îdevant for a real phone

would however be the behavior of the feedpoint impedance due to the piescnce of a

ferrite sheet.

2.6.4 Planar Configurations

In order to meet requirements for compactness and minimal absorption by the user,

a variety of planar antenna configurations, mostly mounted on the backside of the

device, have been proposed.
In [186] a Full Short circuit Planar Inveited-F Antenna (FS-PIFA) was analyzed.

In older to achieve low exposure of the operator and to achieve performance that

is independent of the handling of the handset, the cuncnt must be concentrated

near the antenna and suppressed on the handset. In ordci to prevent, coveting the

antenna with the hand, adjustment cd' the design of the handset, was proposed. In

addition, a small antenna size, its location on the handset and the feeding location

would contribute to make the peiformance less dependent on handling. Absorption

measurements with a head phantom icvealed spatial SAR values up to ten times less

than ANSI standard requirements. Gam nieasuiemeuts for three different common

user environments showed that the proposed antenna had approximately 2 dB less

effective gain than a half-wave dipole. Gain degradation effects due to operator

proximity have been expeiimentaUy investigated foi various PIFA configurations in

[187].
A Radiation Coupled Dual-L Antenna (RCDLA) was analyzed in [188] and com¬

pared to the above mentioned FS-PIFA configurations. It was stated that the

RCDLA outperforms the FS-PIFA. since the cuirents weie not only suppressed on

the housing, but a concentration of currents at anv point on the antenna was avoided

as well. This leads to a moie uniform overall cuiront distribution. The performance
of a RCDLA mounted on a box model of a phone was numerically assessed in [89]
using a spherical human head model (diametei of 9 cm) and compared to that of

a monopole antenna. Efficiency in the range of 80% compared to 56% in case of

the monopole antenna was icported. However, the phone models were of completely
different dimensions and located differently with respect to the head.

A variety of planai antennas varying in shape, loading, feeding and mounting
char act eristics weie investigated in [189] and [190] and compared to monopole and

loop antennas. Combinations of different antenna configmations were numerically

investigated to realize diunsitv schemes. A Dual Inveited-L antenna and a Diode-

Tunable PIFA were studied and compared to normal FIFA configurations in [191]
providing enhanced bandwidth chaiacteristics, A Dual-Frequency Planar Inverted-F

Antenna was recently investigated m 192] for use at both 900 MHz and 1800 MHz

with an acceptable bandwidth if the antenna is optimized together with the casing.
No lesults on its peifoimancc neat the head were provided. [193] presented the

numerical comparison of the energy absoiption between a planar backside mounted

miciostrip double patch antenna and a conventional monopole antenna at 1800MHz.

Acceptable bandwidth and ieduced resonance length was achieved foi a PIFA

configuration using capacitive loading in [191] and for dual frequency applications
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in [195], No data on the perfoiniance at the head weie given. The performance of

a Dotiblc-T slot antenna was investigated in [196] operated near a simplified head

and hand model. Excellent efficiency of better than 90% was reported. However, the

assessment has been made on a spherical head phantom, which generally underesti¬

mates the energy loss.

2.6.5 Other Configurations

Many new antenna types for mobile communications devices have been and are still

being crurently investigated as to whether thev meet the above mentioned require¬

ments. However, there are only a few basic antenna structures and most, antenna

types can be considered to be derivatives. Improvements have been attempted by

modifying dipole. loop. slot, planar and printed antenna configurations.
The N-type antenna, similar to inveited-F antenna configurations [197] lias been

iccently proposed for mobile communications systems in [198], Sufficient bandwidth

is ensured by a double resonant construction; a quarter-wave choke ensures low

currents on the device. The spatial peak SAR and radiation efficiency as a function

of the distance between a spherical and block model of tissue have been compared to

those of a monopole antenna mounted on the same geneiic phone. The significantly

improved performance was attributed to smaller neai-fidds at the side facing the

operator and a large« distance between antenna and head. This also had a positive
effect on the stability of the feedpoint impedance.

A novel design has been developed using an electromagnctically coupled mi¬

cros! lip antenna with a rotatable patch [199]. The objective was to reduce the

polarization mismatching between the portable phone and base station caused by

inclination of the device at the head. In a manner siniilai to the design proposed in

[1 SO] it has a low profile and can be integrated on the backside of the case. Although

the low profile generally increases durability, the constant mechanical stresses of the

antenna might increase the chance of breakage. The effects of human proximity were

not investigated in the paper.

A new backfire fed. bifilar helix antenna type, a miniature dielectric-loaded an¬

tenna structure, was proposed in [200] and optimized to minimize the SAR in a

human op« at or at 900/1800 MHz. The exposure for the antenna mounted on a

geneiic phone was tested with the near-field measurement system described in [114].
Due to the conccntiation of currents on the upper end of the antenna, significant
l eduction of currents on the casing and cancellation of magnetic neai-fields, the ex¬

posure resulted in low SAR values of approximately 0.96mW/g/W for a 900 MHz

GSM phone (250mW) in the intended use position.

2.7 Conclusions and Outlook

Significant progress in the area of exposure assessments of MTE devices has been

achieved during the last few years. In particular the precision and flexibility of exper¬

imental and numerical techniques have been greatly improved. These new techniques
have been applied to investigate fhe effect of various paiameters on absorption in

the user's body. This information has enabled the establishment of a scientific basis

for the development of setups foi compliance testing. Seveial of these experimen¬
tal setups ha\e been made commercially available, so that dosimetric évaluations of
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cellular phones have become routine. The availability of near-field scanncis in com¬

bination with improved numerical tools enables the study of new antenna concepts

for improved radiation efficiency and reduced user exposuic.

The coming years will see frufhei significant improvements in both experimen¬

tal and numerical techniques. The greatest potential for improvements is seen to

lie in the optimization of antennas, which must efficiently operate in complex envi¬

ronments. The future will also see the development of an area of research closely

related to exposure assessment, naniefy. the study of electromagnetic interference

and compatibility problems with wireless life support systems.
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Chapter 3

Finite-Difference Time-Domain

(FDTD) Technique

Absfiact - The basics of the Finite-Difference Time-Domain (FDTD) tech¬

nique are outlined. The appropriate references are given whenever pos¬

sible and when extensive formulations are not essential.

3.1 Introduction

As outlined in Part I. FDTD is currently the clcarlv dominant technique for near-field

scattering problems in complex environments. Although it was originally proposed

by Yee [1] in 1966. it only gained significant popularity in the late seventies. Initial

problems with open domain boundaries were the subject of extensive research in the

seventies and eighties. The simple, explicit formulation, the possible straight forward

implementation of the governing equations and the recently available computational

power and memory resources have enabled the success story of FDTD. Today a

variety of text books on the technique and its applications have been published [2].

[3]. [4] and commercial codes based on FDTD have been made available [5]. [6]. [7].
[8J. [9],

3.2 The Finite-Difference Time-Domain Formulation

The conventional Finite-Difference Time-Domain method is a direct solution of the

tune dependent Maxwell's euri equations, fhe electric and magnetic field compo¬

nents arc allocated in space on a staggeicd gud of a caifcsian coordinate system

(Fig. 3.1) and arc solved alternatively m tune m a leap hog manner (Fig. 3.2).
The transient fields can be calculated when the initial field, boundary and source

conditions are known.

Yee originally diseretized Maxwell's cml equations using 2nd order both in space

and time on a homogeneous grid, resulting in second Older accuracy. The first partial

space and the time derivative lead to

19
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If we assume the semi-implicit appioximation:

P I"-1 4 P I"

£,.,,, A
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0
(O.O)

equation 3.4 can be reduced to the unknown E')
1 cd the new rimestep:
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Following this procedure. Maxwell's curl equations can be discretized and reformu¬

lated to explicit expressions foi all six field components [3].
For the proposed central differences the numerical solution approaches the con¬

tinuous one with the square of the disci«dation -tep. If the mesh is non-uniform,

thus the general rectilinear case, the local truncation crroi is first order, since in this

case equations 3d and 3.2 arc not centered finite difference equations. However, it

has been shown in [10]. that the method is still globally 2nd oidcr convergent.

The Finite-Integration (FI) formulation [11] is based on the discretization of

Ampere's and Faraday's law. thus Maxwell's equations in integral form. In fhe time

domain it leads to the same numerical scheme, with the same stability and dispersion

properties, as the FDTD scheme [3], [12].

3.3 Gridding and Material Treatment

Alost FDTD formulations arc based on a unifoim oi graded rectilinear grid, althotrgh
difieient, grids on which the field components aie located have been proposed, e.g..

non-orthogonal eooidinates but îegular grids [13|. [14]. hregular nonorthogonal grids

[15]. [16] and Finite-Volume Time-Domain (FVTD) formulations [17], [18]. However,

a loss in robustness and stability is the cost for many of these techniques providing
increased modeling flexibility. This is one of the reasons that almost, all commercially
available codes are ba>ed on the conventional icctilineai giidding. which can also be

easily automated.

Aletal structures can rimplv be modeled by explicitly foicing the tangential E-field

components to zero in each time «ep. Thd implies that the modeled stiticture must

be cotiformally oriented to the gnd For unique details, such as thin wires, corners

and edges, field approximations can be used to individually model the field behavior

close to the structure of mteicst. The contoui-path formulation has been proposed
in [19]. [20] to enhance the modeling of thin whes, thin slots, etc. In [21]. [22], [23]
the contour-path formulation was used to model grid non-conformal sttucturcs, e.g..

curved surfaces.

Dielectric materials can be draightfoiwardly modeled for grid confonnal struc¬

tures. The conventional FDTD modeling assigns each \oxel a dielectric material



52

which is assumed to be homogeneously distributed within the voxel. If grid non-

conformal structures are modeled in this maimer, the typical staircasing effect will

occur. Before evaluating the explicit expression (3.7). fhe permittivity p 71 and the

conductivity op;t must, however, be averaged, taking into account the size and ma¬

terial parameters of the neighboring cells by following the procedure in [24], If the FT

formulation is used instead of FD TD. the necessity averaging of material parameters

is implicitly given [II], Errors in absorption assessment clue to staircasing effects and

improved treatment of material paramcteis are discussed extensively in chapter 5.

3.4 Boundary Conditions

Due to computational limitations, the disereti/ed space must be finite and therefore

be ttuueated by boundaiy conditions which propcilv icpiesent the radiation outside

the domain of investigation. A very early radiation boundary operator for FDTD

has been proposed in [25],
Basically, the radiation boundary operators can be classified into mode annihi¬

lating and one-way wave equation approximations, A general operator of the first

kind that annihilates an arbitrary numb« of modes has been derived and described

in [26], Boundary operators of the second class permit wave propagation only in

certain directions [27], The application of such a boundary operator to FDTD has

been presented in [28], The design of boundary conditions foi plaue waves incident

at arbitrary angles has been repented in 29^
In [30], a new class of absoibing boundaries, the perfectly matched layer (PML).

was proposed. This approach is based on splitting the electric and magnetic field

components in additional layers in the absoibing boundaiy region and assigning
individual losses to the split field components. It has been extended to evanescent

waves and to terminate lossy media in [31]. With the PAIL technique it is now

possible to obtain broadband reflection coefficients as low as -80 dB [3].
Very recently, new rcsearch on absorbing boundaiy conditions has been reported,

e.g. on concurrent complementary operators [32]. transparent absorbing boundary
conditions [33] and exact nonrefleeting explicit boundary conditions [34].

3.5 Source Implementation

3.5.1 Plane Wave Source

Plane wave source conditions are easily introduced into FDTD through the total

field/scattered field formulation. In the inn« total field lesion, the FDTD update

equations apply to the total field, thus the incident plane wave plus the scattered

field, whereas in the outer scattered field region as well as at the lattice truncation

the FDTD update equations apply only to the scattered field. The incident, plane

wave is introduced at the boundary between the total field and scattcied field region

[3].

3.5.2 Waveguide Source

Waveguide source conditions pose a greater challenge than simple plane wave exci¬

tation. Waveguide ports can be excited with the propagating modes if their field

distribution at the location of the port is known. If the propagation constants are
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known, the total field at the waveguide poi t can be expi essed as the sum of all modes.

Within FIT [35[. the frequency domain foimulation enables the direct determination

of the modes for the same grid as used during time stepping.

3.5.3 Lumped Sources

Lumped sources can be dipole ladiatois. voltage 01 current sources, etc. For antenna

excitation, common sources are the hard (voltage) and added (current) source [36].
Voltage sources with an internal resistance or with a uon-lincar load have also been

implemented for FDTD simulations [37]. Modeling a voltage source in FDTD is

straightforward, since the electric field appeals explicitly in the update equations.

At each time step, it must be set at the giicl edge of interest according to a time

vaiying function. A current, source can be modeled bv adding it to the current density
in the discretized form of Maxwell's equation 136]. An iniptoved FDTD model for

the feeding gap of a thin-wire antenna has been proposed in [38].

3.6 Stability

Since transient field information can move only one grid step away within one time

step, it is obvious that theie must be an uppei bound for the choice of the time step

within lire leap-frog scheme. The coirect stability criterion was first derived in [39]

by evaluating the eigenvalues of all possible spatial numeiical modes. The derived

Cornant-Friedrich Criterion limits the maximum possible time steps for simulation

within three dimensions by.

At < -^/==^=aL^^ (3.8)

c\JWrp + pdpi +
(A7P

where Ax. Ay and Az are the mesh steps of a cartesian coordinate system and

c the speed of light within the material of a cell. This criterion must, be fulfilled for

any mesh cell.

Even stronger restrictions on the maximum allowable time step might, be nec-

essaiy. if additional field approximations oi liiteiface conditions (e.g., subgrids) arc

introduced.

3.7 Implementation

Within the Swiss Priority Program A1INAST 4.03 EMSIM. a Finite-Difference Time-

Domain kernel has been implemented in collaboration with the Integrated Systems

Laboratory (ETII) and scvcial industry paitncis, The implemented kernel includes

various simulation modes (2D/3D transient simulation, 2D/3D haimonic simulation

and 2D static simulation), various sources (haid and added sources, voltage source

with internal lcsistance. TEAI excitation, excitation via total field/scattered field

interface, etch various boundary conditions (1st and 2nd order Mur. Higdon operator

up to 4tlr older. Peifectlv Matched Layer (PAIL), periodic boundary conditions) and

postprocessing featuios such as voltage, current, impedance and energy calculation.

spectrum extraction, far-field computation, etc. The simulations can be performed
with uniform and graded meshes. Giaded meshes can be generated automatically.
A CAD tool developed bv Schmid & Partner Engineering AG (SPEAG. Zurich.
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Switzerland) serves as a modeling front end and CAD data input hit «face. This

CAD interface enables generation of basic solid stiuctures. import of common CAD

data, transformation such as rotation of the CAD data and automatic discretization.
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Chapter 4

FDTD Intrinsic Uncertainties

Abstract- Within this section, error sources when using FDTD for exposure

assessment are classified. Uncertainties in FDTD simulations arising from

error sources of the numerical scheme itself are outlined in the context

of near-field absorption studies. The dispersion relation is analyzed in

detail.

4.1 Classification of Numerical Errors in FDTD

Basically, errors in FDTD simulations can be attributed to three classes, as repre¬

sented in Fig. 4.1. Errors of the first class aie introduced due to the uncertainty

in the description of the physical model of anv object that is part of the domain of

investigation (scatter«', antenna, etc.). This includes the correct description of the

geometry as well as the material paramctcis.

The second class of errors is related to the discretization of the physical model

within a finite giid with finite mesh sparing and aie based on the differences between

the physical and numeiical model. Aloclclmg uncertainties arising from these errois

are discussed in detail for lossy dielectric scatteiers in the next section.

In the particular case of compliance evaluations ol mobile telecommunications

equipment (MTE). en ors of the first, class comprise fhe deviation from the human

head phantom description to a specifically defined phantom in the standard and

the deviation of the AITE description (e.g.. fiom a CAD file) to the real physical

handheld phone. Studies as reported in [1], [2] have shown that modeling of realistic

MTE appropriately representing the relevant current distribution is a tedious task

and can easily introduce significant eriots m exposure assessment.

This section will discuss «101s of the thiid class, which arc related to flic numer¬

ical scheme itself that is used to --ohe the» governing equations on the chosen grid, in

our case Maxwell's equations. Ado belonging to this class of eirors are those intro¬

duced by relied ions at the boundary oi the computation domain and the modeling

of the source, e.g.. the excitation in the feeding gap of an antenna. Many studies

have been p«formed for these kind of enors. and methods have been developed to

improve the accuracy of the method itself, e.g.. in [3], [1]. [3]. [6],
Und«lying all of these classes aie errois introduced clue to the numerical rep¬

resentation (e.g.. roundoff errois) ol the matcnal paramctcis and geometry, as well
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4.2 Dispersion

Regaidmg an infinite empU space the it cm i« of the comtnhonal non dissipative
I DTD scheme can be fully clesciibed b\ its numeiicil chspeision relation [3]
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(A~d
^sin

2 ! knyAz
(LI)

whcie km. knl/ and knz aie the numerical wavenumbers in the three coordinate

directions and iv is the anculai fiequencv of the propagating wave. Besides the

dependency on the rime and space increments {At. Ax. Ay, Az) and thus on the

Courant stability factor s = cAt/A (A e {Ar, Ay, A;}), the dispersion error is

dependent on the angle of propagation of the plane wave. 'The numerical wavelength

\n is related to the numerical wave numbers knl, k„y and knz by:

knt —

-- cos0 sinO
'Vi
i -

kny = --- Sinei swÔ
M

/>',!„ = ~ cosO (4.2)
A))

where cf and 9 are spherical coordinates, Ihe grid dispersion per wavelength can

be defined as described in [4]:

V>c„=360-(~-t) (4.3)

The ratio of ihe numerical wavelength and the physical wavelength is illustrated

for the two-dimensional case as a polar plot in the xv-plane in Fig. 4.2 for two different

stability factors and different discretizations. Fig. 1.3 and 4.4 show the grid dispersion

per wavelength for the two dimensional case and cliff«cut stability factors. From Fig.

4.3 it can be clearly seen that for a stability factor chosen at the Courant limit, the

dispersion is zero for a plane wave traveling along the diagonal and largest for a plane

wave traveling parallel to the giid lines. Foi a stability factor chosen not, to be at the

Cotuant limit, the dispeision is no longer z«o but still smallest along the diagonal.

Additional dispersion is added for non unifoim griddmg. The dispersion erior

can be minimized by choosing the appiopnate discretization, higher order schemes

[4] oi chspeision optimized schemes [3j. [S], [9]. [10]. [ill.

4.3 Reflections from Boundaries

Enois resulting from aitificial reflections at the lattice tiuncation have been analyzed
in great detail foi various boundan conditions m the lit «attire [4], |6], [12]. Using

one of the most sophisticated boundaiies. the Perfectly Matched layer (PML) [13],
broadband reflection coefficients can be kept as low as -SOdB. However, absorbing
boundary conditions developed in the 80's such as the Abu absoibing boundaiies

seem appropriate for near-field absorption studies, wdreie a high dynamic range of

the scattered field is not of interest and contributes only little to the final uncertainty.
Studies such as reported in [14] and r15] on the companson of PML boundaries to

ret aided time boundaiy conditions, which are similailv effective as Mm boundary
conditions, confirm this assumption foi AITE related neai-ficld exposure problems.
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4.4 Source Modeling

Souice modeling enois m paiticulai for added and haicl souites m the feeding point
of antennas have been studied m 5] and [lbi In ^lb] an mrpio\ed transparent souice

model has been pioposed Although benehmaik souices c an be simulated wit h known

accuracy quantifying the souice modelni-, enoi foi < «tain realistic objects such as a

MTE is a tedious task Comet modeling of the -ourec of such an object would also

require correct modeling of the matching netwoik

Significant differences in yell defined benehmaik problems eg as presented m

[17] (Figure 1 1) can be caused b\ differences m gap modeling using haicl oi added

souices and modeling the antenna as a filament a solid wire oi with the thm wire

appi ovimation Vs tan be seen fiom Figure 1 1 the sanations m the feedpoint

impedance aie significant leading to huge \anatious m the absoibecl powei An
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a stability fact« of 0.5 and m the light picture a stability far toi ol 1/V2 was chosen. A/A
is the tmmbci of cells pei wavelength

improved gap model for dipole antennas has been presented in [18]. In the context

of near-field exposure assessment, the use of an added source is advantageous, since

the SAR is directly proportional to the square of the feedpoint current [19]. This

eliminates the uncertainty of the sensitive feedpoint impedance.

4.5 Discussion

The errors inherent in the numerical scheme of FDTD can be well described with re¬

spect to dispersion, reflection from boundaries and well defined source modeling. Ap¬

propiiate techniques have been developed to minimize these kinds of errois. Whereas

errois of the numerical scheme can be kept small (well below a few percent), large
uncertainties may arise from modeling errors of the objects in the domain of inves¬

tigation. In the context of neai-field absorption studies and compliance testing of

MTE with safety standards, modeling uncertainties of the AITE are dominant com¬

pared to uncertainties due to the numerical scheme itself, as will be outlined in the

next chapter.
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Chapter 5

Estimation of Artifacts Caused

by k DID-Staircasmg m Kr

Simulation Involving Lossy
Dielectric Objects

Abstract - While many publications have dealt with artifacts on the scat¬

tered field arising from staircased FDTD modeling of the scatterer, little

is known about such artifacts on the induced fields inside lossy dielec¬

tric structures. On the other hand reliable uncertainty assessments, even

for local field strengths, would be a necessity in many applications, e.g.,

in compliance evaluations of mobile phones with safety standards, in the

analysis of in vivo and m vitro exposure setups, etc. Usually, modeling
of complex structures within a rectilinear finite-difference time-domain

(FDTD) grid is performed in a straightforward manner, assigning material

parameters to entire voxels. This not only leads to modeling uncertainties

but might also result in numerical artifacts. Within the context of this

paper, error sources due to modeling uncertainties, in particular stair¬

casing effects for biological materials, were quantified and compared with

other error sources in FDTD simulations. Various techniques for more

appropriate material boundary treatment are discussed. A technique to

avoid staircasing based on effective material parameters was applied to

dielectric materials and analyzed in the context of exposure assessment.

5.1 Introduction

The finite-difference time-domain (FDTD) technique [1], [2], [3] which has become

one of Ihe most popular techniques in electaodynamics, has been applied for assess¬

ing the exposure of complex shaped biological bodies fiom very early on [4], This

includes far-field evaluations [5]. compliance considerations for mobile phones with

safety standards [6]-L14], exposure m woiking environments 115]. design and analysis
of m vivo [16] and in vitro [171. [18] exposure setups foi biological studies and hy-

07
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perthermia investigations [19]. [20]. etc The populanty of FDTD for this ciass of

problems is based on its ability to model highly complex dielectric structures in a

straightforward maimer and on its lobustness and numerical stability in (he case of

such structures. However, the convereion oi discretization of a non-rectilinear body
into a rectilinear grid results in differences between the geometry of the physical and

numerical model. Since the results obtained foi the numerical model will differ from

those of the original one. the uncertainty must be quantified. Obviously, significant
errors may occur for resonant structures. Techniques involving varying degrees of

computational expense to avoid staircasing problems have been the subject of many

investigations and will be discussed in the following. Possible artifacts on induced

fields for staircased boundaiies may be of particular impoitance if results are related

to a very small region in space, e g.. spatial peak SAR values averaged over a small

number of voxels.

5.2 Staircasing

Staircasing within rectilinear FDTD grids ielated to metallic structures in particu¬
lar has been investigated, e.g.. in [21]. The authors presented a rigorous dispersion

analysis due to the presence of a staircased scatterer additional to the numerical

dispersion of the Yee scheme. Howcv«. for discretization schemes such as the FDTD

method, the main source of error in the piescnce of a dielectric body is related to

the material boundary representation rather than to dispersion effects [22]. Reduced

accmacy at dielectric material boundaiies including edges and corners has been in¬

vestigated in [23] for plane wa\es, proposing conected FDTD coefficients for better

representation of various mateiial boundaiy configurerions. Instead of errors caused

by dispersion and artificial reflections, our concern is related to possible artifacts at

mateiial boundaries of biological objects due to staircasing effects for an originally
smoothly shaped body.

5.3 Methods for Conformai Modeling

Motivation for conformai modeling within rectilinear grids has mainly been driven by
problems involving the staircasing of metallic stiuctuies. c g.. moie accurate simula-

rion of waveguide modes [24]. [25] and moie accuiare RCS calculation with a wider

dynamic range for metallic scatterer? "20]. 27], but also more accurate characteriza¬

tion in the near- and far-fields, e.g.. of horn antennas [26], [28].
Many different approaches have been pioposed to impiove the modeling draw¬

backs ol rectilineal grids. In the context of finite difference frequency domain for¬

mulations, diagonal cells for polygonal contour modeling were proposed in [24] and

[29] for more accurate waveguide mode computation. Foi simulation in the time

domain locally conformai grids apphmg contoui-path FDTD modeling [30], [31]
were proposed. Attempts to en «come time instabilities arising in some contour

path formulations from the boirowmg officiel components fiom neighboring cells arc

presented in [32]. [33]. FDTD formulations using non-orthogonal coordinates, but

regular grids, for specially shaped objects have been pioposed in [34], [35], Irregular
nouorthogonal giids were the subject of investigation m [16b [37], More arbitrarily
shaped objects have been modeled within the Fmite-Volume Time-Domain (FVTD)
formulation [38] or hybrid FA'TD/FDTD foi initiations [39], facing in certain cases the
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problem of dissipativc grid piopcities. Locally enhanced resolution through subgrid¬

diug has also been extensively investigated, eg., in [10]. [41]. Although rectilinear

subgridding cannot eliminate staucasing effects, it can decrease them in certain sit¬

uations. Overiajtping of different coordinate systems for better conformai motleling
has been studied in [27]. [42], faced with mteipolation problems between the different

coordinates.

However, especially for hrcgulai meshes and coupled different coordinate systems,

implementation is a rather cumbersome task. Although not equally applicable for

truly arbitrarily shaped 3D objects as for irregular nonorthogonal grids, contour-path

modeling [30] or very similar formulations including diagonal cells, as proposed in

[29], represent an alternative appioach with low additional computational cost.

Whereas many of the approaches mentioned for conformai modeling are appli¬
cable and have also been proposed for dielectric objects, in particular contour-path

modeling and diagonal cells, they have not been used as extensively for dielectric

objects as for metallic structures. It has even been stated that the rationale for

conformai FDTD modeling of biological stiuctuies relative to EM wave interactions

is not justified [43]. Staircase approximation was cited as sufficiently pi edict ing the

penetration of fields in the dielectric object, thus the jienetratiiig fields were much

less sensitive to the surface approximation of the structure than the scattered field.

However, if the result is related to a small region in space, e.g.. the spatial peak SAR

value averaged over a small number of voxels and located close to a material bound¬

ary with a staircase approximation, the accmacv might be questionable. Moreover,

even globally significant errors can be obtained in certain configurations, as will be

shown in the following.

5.4 Methods

5.4. L Numerical Techniques

Three different methods have been applied to conduct this study. The effects de¬

pending on the geometry were investigated with the commercial code MAFIA [44]
which is based on the Finite-Integration Technique (FIT) i45]. This formulation in

the time domain is based on the discretization of Alaxwell's equations in integral
form. It has also been generalized in the foim of matrix equations for use in fhe

frequency domain [15], In the time domain it leads to the same numerical scheme,
with the same stability and dispersion juojieitics as the FDTD scheme. In the ab¬

sence of dielectric materials it is identical to the contour-path formulation [30] and

thus to the FDTD scheme [3] and in the case of the treatment of material bound¬

aries in FDTD as described in 16] as well as in the presence of dielectric materials.

However, since subcell geometnc details such as non-confonnal boundaries can be

effectively treated with the contoui-path formulation, the implementation is more

straightforward within FIT, since it is already based on the integral form.

For the investigations on mateiial boundary treatment, an inhouse Yce-grid based

FDTD code which has recently been completed, was used. It enables plane wave,

TEM. hard, added and voltage source excitation. The computation domain can be

truncated with Mur 1st k. 2nd order. Higdon operators. PAIL or periodic boundaries.

"The graphical user interface enables modeling of simple solid structures as well as

the import of C3VD data and optimized, automated giacled mesh generation [47].
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The third method applied was the Generalized Multipole 'Technique (GMT) [48],
with which the reference solution for the spherical body was obtained.

5.4.2 Basic Modeling

For most computations icported the computation domain was truncated by 2nd

order Mur boundary conditions approximately a wavelength away from the object

of interest. Although better boundary conditions have been developed [49], Mur

absorbing boundaries seem appropriate for our absorption studies, where a high

dynamic range of the scattered field is not of interest. Studies such as reported in

[50] on the comparison of PML boundaries to retarded time boundary conditions,

which arc similar in cfi'ect to Alur boundary conditions, confirm this assumption for

our type of bioelectromagnetic applications. The time step was chosen according

to the Courant stability condition [3], SAR values weie calculated by interpolating

the 12 electric field components on the edges of a voxel into the center following the

equation:

SAB----\E'r (5.1)
P

'

whereby a is the conductivity and p the specific density assigned to the voxel.

5.4.3 Material Boundary Treatment

At the material boundaries of dielectric objects where step changes in material pa¬

rameters occur, special treatment within the FDTD formulation is necessary for

proper boundary representation [46]. We w ill consider only the case where the mate¬

rial boundary is located on the primary grid of the Yee scheme (Fig. 5.1) and p = /lo¬

in this case only E-ficld components tangential to material boundaries occur; thus

the continuity of the tangential E-field can be ensured and the effective permittivity
for this component must be chosen as the average of the two neighboring cells (Fig.

5.1): eicjj
= [c,i d-e,_>")/2. Foi our assumption of /; = /p. no special treatment, or

storage is necessaiy foi the noimal H-field components at the material boundary.

5.4.4 Partially Filled Cell

Within FIT the derivation of the effective permittivity is more obvious, since evalu¬

ating the electric flux within the integral form of Ampere's law for cells at, a material

boundary yields exactly the same result. For a paitially filled cell (p = /p. er = 0).
as illustiateel in Fig. 5 2 for the paiticulnr case of a diagonal cell [29] which does not

vary its geometry in the z-diiection. the left side of Anrpeied law

° rfDdX- i He'll (521
di¬

ploids:

U\-
d

7Û epp dpp/rii -f / tt)C,2E~A2) =
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Figure 5.1: Treatment of a didcctiic mateiial bouncian with an effective permittivity within

FDTD.

Figure 5.2: Dciivatiou of an effective petmittiritv for a parliallv filled cell following the

procedure: desciibcd in [29], Aieas 1 and 2 aie the coitibined areas foi two materials within

the integration loop C.

Of
tcffE-(lA (5.3)

whereas

to

tcft^^-,[fnA1 + et2A?). (5.4)

and Ez is assumed to be constant within the area described by the integration path C.

This effective permittivity can be used straightforwardly within the finite difference

formulation of Ampere's law (5.2) at timepoini n + 1 and node location i,j,k:
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-(^Ä^-^rJ^AUy (5.5)

The equations including electric losses can be derived analogously. For cells in a

rectilinear grid filled truly arbitrarily (also in the z-direction) with dielectric material,

this contour path formulation has been successfully extended in [51] by introducing

an averaged electric-flux density leading as well to an effective permittivity. The

great advantage of looking at flux field values and deriving effective permittivities as

compared to other conformai grid techniques is that no additional computational cost

is needed during time stepping. Effective permit treaties can be completely calculated

during preprocessing.

5.5 Local Errors in Absorption clue to Single Steps

5.5.1 Model

It is desirable to automatically discreti/e complex 3-dimcnsional bodies. Hence,

straightforward modeling of smoothly shaped biological bodies will result in stair¬

cased material boundaries by simply assigning mat« ials to whole voxels of the rec¬

tilinear FDTD grid and treating mateiial parameters as described in section 5.4.3.

This may result in steps, single voxels, holes, lough sulfa ces or surfaces with holes

and even local disappearance of structures (Fig. 5.3). Locally the surface may shift

forward or backward by up to half of the voxel size.

The absorption at the material boundary of a single homogeneous tissue layer
has been studied for a single step, as represented in Fig. 5.3a) in 2D for different,

dielectric parameters, jiolaiizafions. frcepiencies and discieti/ations. For this trivial

kind of 2-D problem, the coiujiutation domain was truncated in the zkx direction bv

1st order Alur absoibing boundary conditions and by peifectly electric conducting
material in the ±z direction for polarization a) and peifectly magnetic conducting
material in the case repolarization b) (Fig. 3 t - 5.5). To avoid any influence from

these boundaries, the computation domain was rather large in the ±z direction.

5.5.2 Results

The SAR distribution in the fust line of voxels for the model with a step relative

lo the SAR distribution in the absence of the steji is represented in Figures 5.4 and

5.5 for two different plane ware polarizations and three different discretizations ai

900 MHz. At, the location of fhe steji, an enhancement in SAR of approximately 50%

was found at, the inner etlge and a deciease of approximately 50% at the outer edge
for polarization a). This effect was found to be l at her discretization independent. In

the case of polarization b). enhancements were less than for polarization a); they were

located at the outer edge (Pig. 5 5) and tended to be low« for decreasing meshsteps.
The behavior of both polarizations did not change significantly for peimittivitics
between 5 and 80 (Fig. 5.6). conductivities between 0.85 and 2 (Fig. 5.71 and other

frequencies (Fig. 5 8) between 900-1800 AIHz.
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tlim layeis The clashed line represents the middle of i incsfistep

The conclusion fiom these m\ est pit ions is tint field i dues denved fiom vox¬

els located at mateiial boundaiies aie sniped to gicat tmccitamties Neveitheless,
spatial averaged values can be obtained with gie it accruac\ if the vofume contains

significantly moie non-boundaiv voxeL than boundaiy voxels Foi example, the in¬

fluence on spatial peak SAR values aveiaged en« l g of tissue weie less than 5%

for lire coarsest discretization in the above example Alodclmg stiongly comjilex
tissue eomjiositions where five ere hue about the same resolution as the voxel size,

may result m large uneeitainties and should theiefoic be avoided Foi evample the

discretization of the skull of a small animal may result m various holes at some lo-
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Figure 5 8 Difference m S VR distiibution m the firei io\\ of voxels relative to a plane tissue

lay oi depending on the iiequenc \ I lie E field \ectoi is pcipenche ulai to the edye of the step

cations and m too thick latere at othets It must also be concluded that modeling
of the human ear with 2-5 mm voxels as used m some of the studies foi compliance

testing [6]-[14] may result m questionable one-voxel peak SAR values It is therefore

recommended that the voxel size is consideiably small« than half the dimension of

the hues! stiuctrue of the object Anothci enoi induced by stau modeling is that

the simulated material boundaiy might shift bv almost half a voxel This may have

significant consequences if the edcctiomagnetic source is located at distances of just

a few voxels [32]

5.6 Global Errors in Absorption due to Staircasing

5.6.1 Model

A simple staucasmg effect which jnoduccs globalh significant enois stiougly depen¬
dent on the resolution of the discieti/ation was the subject of fruthei investigation
This is demolish at eel on the lnsjs of i dieleetnc sphere fdiamet« 200 mm e=42

<t-=0 S3) exposed to a plane wave d 900 MHz fhe discietizahons used vary between

1- I mm This setup was chosen because it had niultiplv s«vcd as a benehmaik

e g m [53] and because a solution ol gieat and known precision can be obtained by
GMT

5.6.2 Results

The qualitatively normalized b Vl{ distiibution m the sphere e dculated by GMT is

represented m Figure 3 9 Ihe enoi with respect to the GMT reference solution
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in a quarter of the sphere for the three different discretizations is given in Figures
5.10-5.12. Figure 5.10 indicates that for the most coarse discretization (4mm), the

error is as large as approximately 15% distributed over larger regions, whereby for
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Figure 5 13 The three investigated niodeliip cases of i cube eonfoimal model (left), 45

degrees lotatcd staircase model (middle) 45 degree lotatcd model with diagonal cells (light)

the 1 mm discretization the enoi is below 3d (Fig 3 12) This is mamlv due to

the different focusing efiects depending on differently pionounccd staucasmg at the

sphere srufae e loi the chosen discietizations Although globally significant enois may

occur for certain geometiic bodies thev aie of mmoi relevance foi actual biological

bodies clue to then limited geometric legulanty

5.7 Performance of Partially Filled Cells to Reduce

Staircasing Effects at Dielectric Material Bound¬

aries

5.7.1 Model

Fhe peifoimance of partially filled cells to reduce staucasmg effects at dielcctnc

material boundaiies was studied using a cube (p—42 eT=0 35 S/m, dimensions

(200 mm)3) exposed to a plane wave of different polanzations at 900 MHz The six

eases studied are represented m Figiue 5 IS B tsicalb they diff« m the angle oi

the incident wave the geometiic location and the modeling of the cube Eithei the

preparation vectoi is oithopintl to the suit ree of the cube oi it an oblique angle of

15 degrees The dec tin field vet toi was oiientcd peipeneheulai to the edge of the

stans since section 5 5 has show n that this e onligui ition pi oduces the highest « loi s

m local SAR values The cube was onenttd confound to the giul or rotated by 15

degices wheieby cith« staueasing o1 chitonilh filled cells weie regaided A gnd

size of appioximatth 3 8 mm vv is maintained to optimilh fit the rotated and flic

giid-conformai cube into the gud \ .packet mesh with expHiding mesh steps was

used ftuther away Irom the < ube

5.7.2 Results

Fhe SAR distiibution loi the different cases uai analyzed and compared in the fiist

low of voxels Figures j 14 rnd 5 15 lcjiiescnt the SAR distubutions along the out«

edge of the cube loi the two incident angles Compared aie the models when the

cube is modeled conformai to the «id and when the excitation as well as the cube

is îotated The same ligutes show tin differences tor stau eise modeling and using

diagonal cells as discussed m s0t pon 3 J In (l1o <. ise ed a 15 desgrec angle between
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4 10 o between non lotrtetl uid st uic ise d me deled retrtcd cube occm In the case

of diigonal cell modeling the i«tcment between the tonfoimal mel rotated cube
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5.8 Modeling of a Step

Supposing a step shall be modeled within FDTD at a material boundary since it

occurs in the actual physical dielectric object, the accuracy of conventional straight¬
forward FDTD modeling is of interest. A two-dimensional step of 2mm dimensions

has been investigated for discretizations between 2 and 0.5 mm. Fig. 5.16 shows

the difference for a sjiatial SAR value averaged over a plane of 2 mm2 for the I and

2 mm discretizations compared to a 0.5 mm discretization. For the green polarization

(E-field vector perpendicular to the step) the difference between the 0.5 and 2 mm

discretizations is as large as 25%. With the H-field vector perpendicular to the step,

the differences for all voxels is less than 1.5%.

5.9 Conclusion

Uncertainties in the exposure assessment with FDTD clue to staircasing efiects were

studied. Local values, wheui directly derived from voxels located at material bound-
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arics, may involve uncertainties that are greater than 50% in the case of conventional

FDTD modeling. However, the precision of spatially averaged values is generally high

if the number of values fiom non-boundary voxels is significantly larger than from

voxels at material boundatics. In view of this fact, it is a questionable ajiproach

to discretize highly complex structures with voxel-sizes m the range of the smallest

dimension of the biological substiucturcs. i.e.. fhe voxel size should be significantly
smaller than half of the smallest of those dimensions.

Globally significant uncertainties can occur for specific structures, i.e.. structures

resulting in pronounced focuses or resonances. Ilovvevere these uncertainties are

generally negligible for actual biological bodies, which in general do not jiosscss such

properties.
If high precision is required for local values with a voxel size not much smaller

than the finest, structure, special considerations and careful interpretation of the

results are required when straight forwaid modeling is used. Significant improvement
in precision is possible without, additional computational cost by use of fhe well

known contour path modeling approach. Similai improvements can be achieved by

deriving effective permittivities, from the elcctiic flux field values. These arc effective

and inexpensive alternatives compared to moie sophisticated giidding.
It shall further be noted that this study only dealt with uncertainties due to the

modeling of the lossy dielectric object. An additional unceitainty source which has

not been evaluated in this study, but which is of eminent relevance for many wireless

applications, is the uncertainty of modeling the electromagnetic RF characteristics

of actual transmitters when opeiated m the closest vicinity of the biological body.
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Chapter 6

Study on the pj}XD

Performance for Transmitters in

Complex Environments

Abstract - The objective of this study was to investigate the potential diffi¬

culties of simulating transmitters in the closest proximity of lossy scatter-

ers using Finite-Difference Time-Domain techniques. For this purpose, a

geometrically and electrically well-defined generic phone was developed.

This phone was experimentally characterized in the far and near fields as

well as in the closest proximity of a lossy flat phantom. The results were

compared to those obtained from FDTD simulations. These simulations

predicted all parameters important for antenna design purposes with good

to excellent precision, such as the feedpoint impedance, radiation pattern

and near field, as well as the field strengths induced in a lossy scatterer

in the antennas closest proximity. The impressive robustness of the sim¬

ulations opens the feasibility of an automated problem discretization, a

basic condition of implementing an optimizer.

6.1 Introduction

Finite-Difference Time-Domain (FDTD) techniques are increasingly being applied in

the aica of antenna design [1], [21. Although the Method of Moments (MoM) ap¬

proach is still more jiopular in this topic. FDTD tcchuiqucs appear to be particularly
well suited for the study of antennas m comjilex environments. The latter is an area

in which clear limitations of MoM techniques have become apparent, e.g.. for mobile

handsets, identification tags. etc. Some teseaich and engineeiing groups have even

begun ajiplying FDTD for the testing oi commercial ccllulai phones for compliance
with safety limits [31. 1], In a recent study [5]. the neai field of a commercial cel¬

lular phone operating at 1800 MHz was independently evaluated by rising a FDTD

code and a near field scanner. Ihe conrpanson m the close pioximity of various

lossy scattercrs revealed significant differences in the amplitude and distiibution of

the high-frequency currents between physical and simulated phones. The differences

were attributed to the iclativc «udeness of the modeling of the phone's casing as a
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Generic Phone FDTD ^ocjej

Figure 6.1: The geneiic phono used foi measurements and its computer model for (lie FDTD

simulations.

metallic box. In order to evaluate whether limitations of FDTD for this particular

problem contributed to these differences, a follow-up study was performed using a

generic phone.

6.2 Generic Setup

In order to study possible limitations of FDTD for transmitters in complex envi¬

ronments, a generic phone was built satisfying fhe following design critnion. 1) All

parameters, especially the feedpoint impedance, must be determinable as accurately

as possible by means of measurements. 2) If should have a simple geometric struc¬

ture that is easy to model on a rectangular gtid. 3) It should have similar dimensions

as common cellular phones.

The generic phone shown in Figure6.1 consists of a metallic casing of the dimen¬

sions 140x40x16mm1, equipjied with a monopole antenna to operate at 900 MHz

(thickness—2.5mm. length—80mm), Crurent leakage on the feeding coaxial ca¬

ble is suppressed bv- means of a A/4-yoke, enabling measurement of the feedpoint

impedance by a nefwoik analyz«.

The near field was evaluated and compared in free space and in the close proxim¬

ity of a flat lossy medium. This flat phantom consisted ol a Plexiglas box (er = 2.7) of

the dimensions 0.6x0.8x0.1 nd with a base plate thickness of 1mm (see Figure6.4).
Tissue simulating liquid with a iclativc permittivity of e, — 41 ± 5% and a conductiv¬

ity ex = 0.86 ± o% mho/m was filled into the box to a height of s;80mm. Since actual

skin depth is only about 40mm and the wavelength inside this medium at, 900 MHz,

is about 51mm. the dimensions of the box aie sufficient foi a good appioximation of

the absoiption in the vicinity of the phone inside an infinite lossy half space.
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Figure 6 2 Simulated and measured gams m a veitieal cut (\z plane) of the fai field

figure 6 3 Simulated and measured gams in a lioiizontal cut (\/ plane") of the fai held
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probe
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liquid
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: :
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1
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Figure 6.4: Setup f« the evaluation of the pcifoimaueo of the geneiic phone close to the flat

phantom filled with absoibing matcnal

6.3 Methods

6.3. L Simulation

The simulations were performed using the Finite-Difference Time-Domain (FDTD)
code, which has been recently implemented at ETH. the results of which were cross¬

checked using the commercially available MAFIA code [6]. which is an implementa¬
tion of the Finite Integration Technique (FIT).

"fhe phone was discret i/eel to a resolution of 2x2x2 mnd voxels. The antenna

was simulated by «ifoicing the tangential E-field components to zero along one grid
line. The grid spacing at the location of the antenna and peipendicular to the axis

of the antenna was chosen to be approximately equivalent, to the diameter of the

wire. Non equidistant mo-Ji sjiacings were used to enlarge the computation domain

bounded by second orel« Mur boundaries. Fhe distance between boundary and

phone was approximately A. whereby the reflections have been shown fo affect the

feedpoint impedance bv a fact« of less than Id. The entire computation domain

encompassed approximately 2 3 million voxels. Fhe excitation at the feedpoint was

modeled by intiodueing a dipole moment with a smoothly increasing sinusoidal 900

MHz signal. Steady state was attained after 6-12 jioiiods. The feedpoint impedance
was determined bv the Fourier tiansformed E- and H-fiekls at the driving point.

6.3.2 Far Field Measurement

The far field radiation patterns weie measured in an ancchoic chamber

(4.9x4,6x16.5 m; quiet /one of lui ladius centered at 2 3m above the floor level)

80mm

± i
4mm
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Figure 6 5 Measured H-field m V/m 5mm ibove the phone iioimalizcd to IW aotcmia

input powei

OS t

51 u S

Hol

^0 0 0

J )

DO 1 i

TO 2 0 3

DO 1 0 ^

no o i

ICO 40 3b B t 04 S 80 92

Figure 6 6 Simulated 11-fielel m A/m 5mm above the phone noimali/ed to 1\V antenna

input jiowei

by the Gam-Compaiison method using a log-jieiiodic antenna Ihe reference was

the log-p« iodic antenna #Y\ J-48010 SN 203

6.3.3 Near Field Measurement

In the exjiciimental setup the feedpoint imped nu es foi each configmation weie

detei mined by a HF85047 V netwoih analvzei which was jiieviously cahbiated at the

location of the feedpoint

The 900MHz input signil was gcneiated bv a HF%18C svnthesizei combined

with a Miin-Cutuif ZHL-42W amplifier Ihe antenna input powei was deteimmed

by a bi-dnectional eoupl« and two HP4S6 V powei meteis

Ihe neai held measurements weie peifoimed with the automated neai field scan¬

ning system DA.SY2 This svstem and the 1 -held jnobes aie desciibcd m detail m

17] The oveiall unceitainty of dosimetnc measurements with this system had been

det« mined to be bettor than ±0 S dB 8]

The H-field measurements were jieifoimed with i now isotiojiic jirobc consist¬

ing of three otthogonallv and conceiifntallv airanged loojis (deviation fiom isotiojiy
< 0 2 clB) The 1 8 mm loops with resist nely loaded detectois weie designed to achieve

optimal sensitiv itv m the desired frequenov i mge of 100 MHz to 2 5 CHz The eal-

ibiatiou was perfoimed with the same setup is deseiibed m [9] with a precision of

bcttci than 4=0 5 dB
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Figure 6.7: Difference between measured and simulated H-fields in percent, normalized to

the maximum H-field.

6.4 Results

6.4.1 Free Space Evaluation

The simulated and measured gain of the far field is represented in a vertical cut

(xz-plane) in Figure 6.2 and in a horizontal cut (yz-plane) in Figure 6.3. Simulated

and measured far field data were normalized to their maximum values. Excellent

agreement was found between simulation and measurement.

The E- and H-field distributions were determined in planes 5 and 19 mm above

and parallel to the phone. In Figures 6.5 and 6.6 the simulated and measured H-

field distribution at the distance of 5 mm are compared whereby the antenna input,

power was normalized to 1W. Since the plots are almost identical, a differential plot
reveals more information (Figure 6.7), i.e.. indicates that, the maximum difference is

less than ±10%, which only slightly exceeds the measurement uncertainty of ±7%.

These differences might, also be partly due to the coupling between case and feeding
cable. On the other hand, Figure 6.7 shows that these currents are small.

6.4.2 Near Field Evaluation with a Flat Absorbing Phantom

The SAR distribution was assessed numerically and experimentally with the phone
at; different distances d from the base plate of the fiat phantom. The results for the

distances d = 0 and 26 mm are discussed here. In Figures 6.8 and 6.9 the results

Figure 6,8: The difference between measured and simulated SAR distribution, measured

5 mm above the base plate of the fiat phantom, in percent normalized to the maximum SAR.

Idie phone is placed directly below the base plate.
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_ Simul ilion

*tS i

SAR

1 \

Distance bom ieeclpomt [mm]

ligure 6 9 SAR distiibution aloip a fine pnalkl to the monopole 5mm above tlic base

plate of the flat phantom uoimilized to a feedpoint ituieiit ol 100mA Ihe phone is placed

chitclb below the base plate

are compared for d = 0 mm and m Figures u 10 and 6 11 the same compaiison is

presented for the distance d = 26 mm In ill cases the results had been noimahzcd

to 1 feeclpomt cuneiit oi 100 m A In Table 6 1 the numerically and expeiimentaUy
det«mined feeclpomt impedances arc shown In all cases the absolute agreement is

bett« than the absolute worst-case measurement unceitainty of ±0 8dB

Nevertheless, some ol the différentes cannot be attributed to the measurement

unceitainty alone since the lmcaiif> of the measurement is consideiably better (i e

< ±0 2 dB) than the absolute unceitaintv of ±0 8 dB Esjiecidlv obvious is the rel¬

ative differ cue es m the distiibution foi the distance el = 26 mm A largei sensitivity

to small cliff««ices m the modehnb (eg tip of the intennr edges etc ) was ex-

jiectcd due to the cajtacitive coupling it lire« dist tiiees whereas inductive coupling
is dominant m the closest pioxuuity of the nattau

Figure 6 10 The dilluemc between me isuied uid smiuhtcd SAH distributions measured

5mm tbene the bast plate of the 11 U ph mtom m peieent noimahzcd to the maximum S AR

Ihe distance between the phone uid the flit phuitom is 26n m
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Figruc 6 f 1 S VR distiibution along a line pai did to the monopole 5mm above the base

plate of the flat phantom uoimahzed to a feedpoint e uiieut of 100m V the distance between

the phone and the flat phantom is 26mm

6.5 Conclusion

Ihe good to excellent correspondence between measured and simulated antenna pa-

ramcters reaffirms the suitability of FDTD techniques for simulating antennas m

complex environments For this simple FD1D adapted stiuctuie, slight differences

weie only obscived in the mteiimttent distance fiom the seatterep where the current

distribution is veiy sensitive to the capacitive coupling with the envnonment Specif¬
ically the robustness of the simulations opens the possibility of automated modeling
based on gcometucal data which is a basic condition foi implementing an optimizer

foi antenna design
Howcv« testing compliance of existing phones w ith safety limits based on FDTD

remains highly questionable since the results must ensure that the exposure of the

physical phone does not exteed the smmlated values including the specified uncer¬

tainty values The pioblein is the obseived strong dependence of the cm rent distribu¬

tion on internal structures (see r5j) Even more difficult is the assessment of possible
seconclaiv effects (eg Rf coupling between internal stiuctuies non-peifect screen¬

ing) which might become the dominant source of \b-oiptiou
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Chapter 7

Numerical and Experimental

Dosimetry of Petri Dish

Exposure Setups

Abstract - Crawford TEM cells are often used to expose cell cultures or

small animals in order to study effects caused by high frequency fields.

They are self-contained, easy-to-use setups which provide a rather homo¬

geneous field distribution in a large area around its center, corresponding

approximately to far-field conditions. However, a number of conditions

must be met if such TEM cells are intended to be used for m vitro ex¬

periments. For instance, poor interaction with the incident field must be

maintained in order to avoid significant field disturbances in the TEM

cell. This is best achieved with E-polarization, i.e., when the E-field vec¬

tor is normal to the investigated cell layer lining the bottom of a synthetic
Petri dish. In addition, E-polarization provides the most homogeneous

field distribution of all polarizations within the entire layer of cells. In

this paper we present a detailed dosimetric assessment for 60 mm and

100 mm Petri dishes, as well as for a 48-well titer plate at 835 MHz.

The dosimetry is performed by numerical computations. The modeling

and the simplifications are validated by a second numerical technique and

by experimental measurements. For thin liquid layers, an approximation
formula is given with which the induced field strength for many other

experiments conducted in Petri dishes can reliably be assessed.

7.1 Introduction

In bioelectromaguctics. m viho biological experiments on cell cultures arc often per¬

formed in Crawford transveise electromagnetic (TEM) cells [1]. Well-matched TEM

cells piovide a reasonably homogeneous field distiibution in the area around its cen¬

ter. The power density can be easily regulated and monitored with the help of

s I and aid equipment. Further advantages are their relative affordability and ease of

use. which allows well-conti oiled sham exposures since the field is guided within fhe

TEM cell.
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Nevertheless. TEM cells should only be used with caution foi m vitro studies.

The following must be considered carefully: 1) The TEM cell must be well matched;

2) The dimension of the Petri dish containing the mcclium with the cell culture

should be smaller than the area of the homogeneous field distribution: 3) The field

disturbances caused by the Petii dish should be negligible since any scattered field

may generate standing waves or higher order iionsymmetric modes [2]: 4) If the Petri

dish is placed too close to the walls or the septum of the TEM cell, the absorption may

significantly differ from far-field exposure conditions due to additional coupling. If

any of these conditions are not met. a well-controlled exposure is difficult to achieve.

It would also require that the «dire setup, i.e.. Petri dish and TEM cell, including
small position variations, needs to be considered in the dosimetric analysis.

A feasibility study performed at our laboratory in 1991 [3] has shown that TEM

cells are suited for cell culture experiments if the Petri dishes are placed centered and

parallel between the septum and the top wall of the TEM cell, whereby the layer of

the medium should be kept thin. The reason foi the edioice of this setup is that the

resulting E-polarization piovides extremely small field distoitions in comparison to

H- and S-polaiization.

The objective of this study is to verify these results arid to perform ihe specific
dosimetric assessment for three different Petii dishes used in a series of m vitro

biological experiments that were pei formed at the Jeiry !.. Pettis Memorial Veterans

Administration Medical Center in Loma Linda. California [11. [5], [6]. To ensure a

high degree of reliability of the results, a fourfold approach was chosen. The basic

assessment was performed rising the numerical code MAFIA, based on ihe Finite

Integration Technique (FIT) [7], [8]. The suitability of the modeling was verified

bv a second independent numerical approach and finally with measurements. In

addition, the findings were generalized by an analytical appioximation.

7.2 Problem Description

The biological experiments [41. pi. [6] weie performed using standard Petri dishes. A

given volume of isotonic mcclium was added to the laver of cells lining the bottom of

the dish. The dishes were exposed to a narrow band signal at 835 MHz in the center

of the standard TEM cell IFI-CCUOs dnstiuments for Industry Inc., Ronkonkoma.

N.Y.) with the dimensions: 18 cm x 18 cm x 18 cm.

Three different standard dishes were used for ttie strich: 60 mm and 100 mm

Petii dishes and a 18-well tit« plate. Their dimensions are shown in Figures 7.1 and

7.2. For the biological experiments 5 ml and 20 ml of medium were introduced into

the 60 mm and 100 mm Petri dishes, respectively. This corresponds to a medium

height of 2.4 mm and 3.4 mm. Each of the 18 wells was filled with 0.5 ml of medium,

which is equivalent to approximately 4.S mm ol height.

Since the sensitivity of temperature probes for the given power levels is not suf¬

ficient to perfoim the experimental dosimetry in these thin layers of medium, the

numeiical modeling was validated using the 60 mm Petii dish filled with 20 ml (9.4
mm) of medium.
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Figure 71 Modeling of the 60mm Pdn dMi filled with 5ml oi medium (d — 52mm

h—2 4mm) and the 100mm Petii dish filled with 20ml oi n edmm (cl — 87mm 3 1mm) and

polaiization of the plane wave excitation Ihe S\R is evaluated ilong a plane 0 2mm above

the bottom

Fignie 7 2 Modclm, of the 48 well tit« plate The diametei of cadi well is el—11 5 mm and

the sepaiation is 1 S mm Each well is failed with 0 5ml of medium which coiicsponds to a

medium height of 4 S mm Shown is the actuil e'lscie'ization used 1« the simulation with

MAn \

7.3 Applied Numerical Techniques

Fwo electiomagnctic simulation tools based on different techniques weie used foi the

numeiical dosimetiv ol the Petri dishes While the smntdtion tool MAFTA is based

on a Finite Integration technique (FF1) r7] [8] the 3D MMP (Multiple Multipole)
code is based on the scmi-analvfical Ceneralized Multipole Feclmique (GMT) [9]
[L0]

7.3.1 MAFIA Code

The Fl-tcchnicute transforms Maxwells equations m integral form into equivalent
Maxwell gild equations wheiebv the k suiting m dem of equations is similar to that
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Signal Generator

HP 8656B

Figure 7 3- Setup used foi the cxpcumcntal dosimetry

of a FDTD approach. The entire computation domain must be discrctizcd. and the

scattering problem is solved in the time domain by the ''leapfrog" algorithm.

In the first step only the medium exposed to a plane wave with E-polarization was

studied (Figure 7.1), i.e.. the Petri dish contain« and the coupling with the TEM

cell walls were neglected. In the second step these simplifications were validated by

simulating the Polystyrol container in addition to the medium, as well as the coupling
between septum or walls and the Petii dish.

The Petri dishes and the well plate were» discretized using a mesh with equidistant
mesh steps. Due to the symmetries inherent m the structure, it was only necessary

to model a quarter of the simplified jiioblenn. This was achieved by enforcing the

tangcntially electric respective magnetic field components at the symmetry planes to

zero. If the septum was included in the model, half of the structure needed to be

modeled. In order to avoid reflected waves fiom the open boundaries, first order Mur-

absorbing boundary conditions were applied. The number of mesh cells was vaiicd

between 200,000 and 500.000 for the whole computation domain and between 40.000

and 80.000 for the simulated medium. This is equivalent to a voxel size of about

0.6 x 0.6 x 0.2 mm3 to 0.6 x 0.6 x 0.4 mnd for the medium. The dimensions of the

computation domain were 160 x 80 x 60 mnd, The largest allowable simulation time-

step was determined by MAFIA ajiplying the Couiant-Friodiiehs-bevy-Crilcu-ion [11]
for finite difference methods. The calculation was peifoimcd for 8-12 periods to

ensure that a steady state had been reached. The 18-well tit« plate was simulated

in the same manner as the Petri dishes. Due to the larger dimensions of the plate,
the computation domain had to be enlaiged. It consisted of about 750.000 mesh cells

and about 80.000 cells foi the plate itself. The plate, as modeled with MAFIA, is

represented in Figure 7.2.

7.3.2 3D MMP Code

The 3D MMP code based on GMT has proven to be well suited for 2D and 3D

scattering problems which may consist of a moderate number of piccewise linear,

homogeneous and isotropic domains. The technique approximates the unknown field

in each domain by seveial sets of functions which are analytical solutions of Maxwell's

equations. The implemented functions are finite seiies of spheiical niultipoles. line

niultipoles. ring niultipoles. noimal expansions, plane waves, waveguide modes, etc.
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and may be placed at different origins. The unknown amplitudes of these functions

are numerically evaluated by «ifoicing the boundaiy conditions on discrete points

at the boundaries, whereby 3 to 10 times moie points than unknowns are used.

T'hc concept of weighting the matrix lines is derived from the energy concept. This

results in an efficient tool for solution validation within the code. The code has been

successfully applied in several dosimetric studies [12]. [13].

Only the 60 mm Petri dish filled with 10 ml and 20 ml was simulated, due to

the difficulties of this code in handling extremely thin dishes. Multipoles and line

multipoles, as well as ring multipoles weie used. The dishes were cliscrctized with

about 700 matching points.

7.4 Experimental Setup

The setup used for the experimental dosimetry was essentially the same as that used

for the biological experiments. as illustrated in Figure 7.3. However, the TEM cell

IFI-CC110 (dimensions: 18 cm x 18 cm x 12 cm) which is smaller than the IFI-CCHOs

but provides a considerably better field homogeneity was used. The maximum power

applicable at the input of the TEM cell was 48.2 dBm (i.e.. 66 W). resulting in a

power density in the center of the TEM. cell of approximately 240 mW/cm2. The

reflect ions were less t hau -25 dB both with and without the presence of fhe dish inside

the TEM cell. In addition, the electiic and magnetic field distribution in the TEM

cell, in an area larger than the Petri dish, was measured using the electromagnetic

scanner described in [14]. The homogeneity was found to be better than ±0.2 dB.

7.4.1 Temperature Probes

Temperature or E-ficld probes are only suited for this assessment if they meet the

following requirements: 1) high spatial resolution: 2) high sensitivity and 3) oper¬

ational ability in a strong field environment. Although E-ficld probes are generally
moie sensitive than temperature probes, thev aie not suitable for this assessment

mainly due to theii spatial dimensions, which are great« than 0.1 cm3. The only

temperature probe available which sufficiently met all of the above mentioned re¬

quirements (Table 7.1) was a prototype develojied bv Schmid & Partner Engineering
AG (SPEAG. Zurich. Switzerland) which is based on the Bowman probe [15]. Its

high sensitivity is achieved by specialized electiometer guide amplifiers and sophis¬
ticated software for filtering and data evaluation. The piobe was calibrated piior
to the measurements in water baths at 10 different temp« a tares in fhe range from

10° to 60° C. The response is linearized by a polynomial function. The software

further enables the evaluation of the temperature increase by linear regression. The

noise level and short term diifts over two-minute periods with a sampling rate of

10 samples per sec were determined to be within ±0 005eC and the sensitivity for

10 s cd exposure to be 0.15 mK/s. By exposing the first 6 cm of the resistive lines

from the tip of the piobe to an incident field of 950 V/m inside the TEM cell, the

sensitivity to RF exposuic at 835 MHz was assessed to be less than 0.5 mK/s for the

line parallel to the E-field vector and less than 0.1 mK/s for the line normal to the

E-ficld vector.
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Figure 7.4: SAR distiibution in a lioiizontal laiei located 0 2 mm hour the bottom of the 60

mm Pctii dish. The dish contains 5 ml of medium. The SAR value in fhe center of the dish

is 3 6 mW/kg.

7.5 Results

Samples of the media used in the biological expeiiments [I]. r3j. [6] were made avail¬

able and used for the experimental dosimetry. The electrical parameters of the differ¬

ent media were measured by the HP 85070A dielectric probe kit in the temperature

range of 20° - 40^ C. They were determined to be e,
— 76 ± 5 and o = 1.8 ± 0.3 S/m.

The dosimetric assessments were pei formed with the MAFIA code foi three different

kinds of Petri dishes: 1) the 60 mm Petri dish filled with 5/10/20 ml of medium, 2)
the 100 mm Petri dish filled with 20 ml of medium and 3) the 48-well titer plate.
with each well filled with 0 5 ml. In the tiret step onlv fhe simplified model was

studied, i.e.. only the medium exposed to far-held conditions with E-polarization.
The sjiecific mass density of the medium was ehoseu io be 1 »/cm3, All SAR values

were normalized to a power density of 1 mW/cnr".
The results were evaluated in a layer paiallel to and at a distance of 0.2 mm from

the bottom of fhe Petii dish. The average BAR values and the standard deviations in

these planes are given in Tabd 7 2. and the SAR clistiibuiions for the different kinds

of Petii dishes are representee! in Figures 7,1. 7.5 and 7 6. As expected, enhanced

values for the thin layers aie found close to the edges along the ctuvecl outer surface

of the dish (where the E-field is parallel to the surface), bocal SAR distuibances
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Model 755 Model 1400

LUXTRON PHOTONETICS

Mountain View. CA Woodinville. WA

Noise level/Short
term drifts over

2 min periods

Sensitivity

(10s of exposure)

Sensitivity to RF

exposure (835 MHz)
- resistive lines

parallel to E-ficld

- resistive lines

normal to E-field

tO.FC
'

1 sample/sec)

±15mK/s

dO.CC

_rl0mK/s

Protofyjie
SPEAG

Zurich. CH

±0.005rC

(10 samples/sec)

not sensitive

not sensitive

not sensitive

not sensitive

d0.15mK/s

<. 0.5 mK/sa

< 0.1 mK/s°

Tabic 7.1: Companion of available tempciatuic piobes 'Measured by exposing the fiist

6 cm cd'the line fiom the tip to an incident held of 930 V/m

Cell Drfi average SAR pen

ImW/cirr

Standaul deviation

60mm Petn

dish (3 ml) 2 6 mW, kg Si' (0.2mW/kg)
100mm Petn

dish (20 ml) b 6 mW kg tOd (0 7 mW/kg)
48-Well titer

plate (0 5 ml) 9 5 m\V/kg 30/Ï <2 9 mW/kg)

Table 7 2: Average SAR Values m the plane z — 0 2 mm, calculated using MAFIA. The

out« ling of 2 mm thickness is not consideied m Uns évaluation. Note: The given deviation

is a measure of the nonhoinogcneity of the exposure and does not reflect any uneeitainties

inherent m ihe modeling oi simulations.

might also be caused due to the adhesion effects in the closest vdcinity of the side

wall. In case of the well plate these border effects are of greater importance, due to

the small diametei of a single well. Theiefoic the cells located within 2 mm of the

side wall oi the dish should not be evaluated. This out« ring was also not evaluated

for the standaid deviation analysis m Table 7.2.

7.6 Validation

Since most numerical techniques do not provide a reliable assessment of modeling and

simulation errors and since fhe possible sources of «rois are numerous, the correct

modeling of any particular piobliun must be validated. Furthermore, it must be

demonstrated that the simplifications made do not misrepresent the acttiat exposure

conditions.



108

o. V
.

\ 1

\
\

OdB

\ u

-
V

! Ï

+ 0.1 dB

i
i i

Figure 7 5: SAR distiibution m a lioiizontal lav« located 0 2 mm fiom the bottom of the

100 mm Petii dish. The dish contains 20 ml of medium. The SAR value in the cent« of the

disfi is 6 7 mW/kg.

7.6.1 Validation of" modeling

The numerical results showed that the validation cannot be directly performed by

experinrcntal means. The reasons are that onlv a small tempciature increase of

about 0.15 mK/s can be expected at the maximum available input power of 48 dBm

and that the enhanced noise and short term drifts occur close to sucfi large surfaces

(cooling by air fluctuations, evaporation, et c ) In adclit ion. the induced E-ficld values

are strongly non-unifoim with icsj>ect to the z-axis.

A better signal-to-noise îat in could be expectod wit h a quadrupling of tlie medium

height, since the induced SAR levels at the surface of the dish aie approximately

propcutional to the square of the thickness. However, such a setup would still have

about the same characteristics as the oiiginal setup, i.e.. slight disturbance of the

field in fhe TEM cell and minimal thickness compared to the x-y dimensions. 'Thus,

the experimental validation of the MAFIA modeling was pei firmed using the 60 mm

Petri-dish filled with 20 ml of medium.

The setup used for the expciimental validation is represented in Figure 7.3. The

Petri dish was jilaced in the cent« between the septum and the top wall of the TEM

cell using spacers. Optical piobes would have been ideal since the measurements

needed to be performed m a high field strength environment (V/te)nat/V/lteiria} ^
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Figure 7 6 SAR ehstiibution in a honzontil lu« 0 2 mm horn the bottom ol the 18 Well

titer plite bath of the 18 wells cont mis 0 5 n 1 of medium Iho S VK value m the ccntei of

the middle wells is 11 6 mW /k0 Lach isolme upie senjs \ Few ol 0 5 dB

100) Howev« onh the SPEAG piobe pi ovule s the lequned sensitivity of less than

1 mK/s In oid« to minimize the coupling of the lines vuih the external E-field

the piobe was introduced tlnough a hole m the sidew ill of the dish For the short

distance fiom the dish to the do« openm^ of the 1 FM cell the resistive hues of the

piobe were pioteeted and theimallv stabilized bv \ thm metal tube Since the tube

was peipendiculai to both the F-held mel the S-vcetor the field disturbances were

slight fhe tip of the piobe w is placed m the cent« of the dish and the vertical

distance was vaiicd using space is Since the medium basically consisted of wat« and

salt i specific bed oqiatitv of I 2 Dg/K was assumed

The same dish was simulated bv M VF1 V and 3D MMP The results are compared
m Figure 7 7 to 7 1 f The agteement between the two numeiical techniques is good

although in the ease of the 3D MMP simulation the edge had to be i ounded because

of pioblenis with shaip edges mhei« t m the simulitinn technique The meastuccl
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Figure 7 7 S VR distiibution in the cent« of the 00 mm Petn dish filled with 20 ml ol

medmm Compared aie the result-, obtained inil the M VI I V and 3D MMP codes and

horn the cxpeiimental rppioich The cue i bus of the cxpt iimental data only- represent the

Uandaid deuation ol a mimbei of meisuieinent simples i e they ue an mehcition of the

noise level and do not include svspniitical urere

values deviate from those values although the iencial quantitative agreement rs

satisfictoiy (Figure 7 7) These elevation^ can be explained by the experimental
difficult cs 1) induced temp« at rue meie i em the lange of the thermal noise inherent

in the system 2) evtiemely nonhnmoreneous spitnl SAR distribution, 1) medium

with hiöh conduction and convection effects

In Idblc 7 1 the M VFI-i and 3D MMP results ue compiled in points 0 2 mm

ibove the Mufaoe In I iguics 7 8 uid 7 0 the «oss-sectional S VR chstiibutions

ue compared In Figuies 7 10 mel 7 11 those of the veitieal plane 0 2 mm fiom

the bottom of the Petn dish aie «ven The S VR enhancements on fhe sidewalk

of the Petri dish (li^me 7 0) em iko be reçu m the plane of the cell lay« foi

smaller medium he phts (Figures 7 4 7 5) because tlie en abided plane is close i to the

middle of the Petn dish In icldifion boid« efiects become moie imp« tant foi small

medium heights (figures 7 17 5) The good igiccment between the results obtained

by MAFIA and ID MMP md fhe good quantitative pieement with the measured

results show the suit ibihtv of the M\PI\ code reel of the chosen discretization foi

this pioblem
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Figure 7 S 3D MMP result S VR distiibution m the cioss section K=01 of the 60 mm Petn

dish containing 20 ml ol the medium Fach isolmt represents i decay of l dB the SAR

value m the middle of the smfiee is 61 7 mW /k„

1 paire 7 9 M-UlYitsults S Ml distiibution m the eio=s section (j 0) oi the 60 mm Petn

ehsh eontamup 20 ml of the medium Each isolmc upic-suits a decay ol -lelB the SAR vafue

in (be middle of the suiface is 61 6 mW /kg

7.6.2 Validation of Simplifications

fhe totally absoibed powei of the 60 mm Petn dish failed with 20 mm of medium is

less than 1% Since the absoibed powei chops chastitally with the lay« thickness h

(« /ï~3) and the uoss section is pioportional to 1 h the Petri dish does not cause

any significant distoition of the field in the TFM cell Fins has also been verified

by comparison of the reflected powei with and w ithoiit the dish Hence, plane wave

excitation is a valid simplification if the Petn dish is placed m the middle between

septum and top/bottom wall of the TEM e c 11

I he minimum distance of the Petn ehsh fiom the septum at which the coupling

can be neglected was assessed bv simulating vinous distances of the dish fiom a

peifectly conductive pi me M a distance of 10 mm fiom the septum using a 60 mm

Petn dish filled with 5ml of medium the change of the S VR values was found to

be less than 2% foi the cells lining the bottom Therefore the coupling with TEM;

cell walk can be neglected toi ill studied cell cultures if the dishes are placed m the

middle between septum and top bottom wall of the TEM. cell When the Petn dish

is not placed in the cent« but dneeflv on the septum or bottom wall of the TEM

cell the pioblem is - at first appioxiniation equivalent fo the same dish but with

the double thickness i c the induced field is stiongly i educed to approximately the

capacitive paît at the bottom and increased up to about the torn fold at the top In

addition, the enhancement at the slclc walls of the dish is mote pronounced for the

bottom lay« Ihe 60 mm Pet« dish filled with 5 ml mel 20 ml of medium, including

a Polystyiol contain« (<, —2b er = 0 S/m) was simulated to check if the contain«

itself alteis the ibsoiption Ihe effect has been assessed to be less than 10% for

small medium heights and small« for increasing medium heights loi the cells lining
the bottom of the Petn dish (^ IQd foi 5 ml 1/ loi 20 ml) Thus the effect

can be neglected for the expenmenfal dcisimdiv but becomes more important for
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Figure 7 10 3D \1MP result SA.R distiibution m the Luii z — 0 2 mm horn the bottom ol

the Petri dish, filled with 20 ml of medium The S VR value in (he ccntei of the dish is 61 7

mW/kg Each isolme represents a dec av of 0 5 dB

Pomt

fflJffl
(12 0/ 1

1D \I\IP

j9 1 mW /ko

M VIIV

2 3 ü mW /ko

« S mW /kg
(OO/i

t 12 0?

(2107 )

61 7 mW kg
j8 9 mW /kç

61 6 mW /k"

is S mW /ko
« 1 mW/ko

(0 12 i \

(0 21 - )

60 5 mW /k0 60 1 n W kg
oO 7 mW kg

(12 12 z 1 )D
~

mW kg i6 2 mW k0
( 12 12/-,) 5 i i m\V /k„ 5 1 s mW /ko

lable 7 3 M AFI V results \( i^ W) MMP results of the 60 mm Pc tu dish containing 20 ml

of medium Note z0 is Ü 2 mm fiom the bolt im

extremely small medium heights

7.6.3 Analytical Approximation

An attemjd was niaele to deine an apjiioximation for inula oi the S VR dishihution

m fhe middle of the Petn dish along the „-axis (Figure 7 1) since the coupling
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Figure 7 il: MAFIA result: SAR distiibution in the lavet z — 0 2 mm from the bottom of

the Petii dish, filled with 20 ml ol medium. Ihe SAR value in the centei of the dish is 61.6

mW/kg. Each isoline represents a dotai of-0.5 dR.

of the scatterer with the field is poor and the numerical results suggest a quasi-
static aiijiroach. i.e.. sejiaratiou between "capacitive" and "inductive'' coujiling. The

geometry can be simplified to that of a thin conductive sheet, since the height of

the medium in the Petti dish is small compared to the x and y dimensions. The

capacitively induced part of the idfield is noimal and the inductively induced part

parallel to the stufacc of the Petri dish.

Let us assume the center of the bottom of the Petri dish to be at the origin of

our cartesian coordinate system as indicated in Figure 7.1. The absolute value of

eddy currents caused by an incident time-dependent magnetic field can be described

within a thin conductive sheet bv (163

\J\ -

dvdoslp2/ed) - cos(2A-d) (7.1)

where k is the wave number inside the medium, d —

z — h/2 and A a constant.

Assuming further that kh 4C 1 we can appioximatc equation (7.1) and arrive at an

exjiiession for the dependency of the electric field caused bv inductive coupling along
fhe z-axis:

<E,nd\ = -(2kz') (7.2)
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Fpuic 7 12 S-VR distiibution aloip the z axis ol the simulations and of the anal)deal

expression (7)

Idic maximum absolute value of this electnc held will occur on the surface of the

sheet and can be denvecl from Faiadav s eejuation m mtegial foim

E(rt)ds-j f[pH(r t)dS (7 3)

c)9

In a lust approximation the integral paits lot the F„p-held along the ? direction

aie neglected and if Ui <p I the /T-field thionghout the dish can be ajijiroximated
as being etjual to the incident f7!HL-field With these assumptions the inductively
induced /33m(pfield at the location d = h 2 can be ippioxiiinfed as

1*» 'I ')
p^n

-,
\rln 4)

Introducing eejuation (7 1) into equition (7 2) results m

F,nd\ = p*>z'\H„ c (7 5)

j he capacitiveh induced electnc held EL,p can be simply desciibcd b\

ip
r

!)lo|

cd
6)
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with e/, = c, — ja/(cqw). Hence, the SAR induced throughout the Petri dish can be

estimated as:

SAE(z') - ^(lidn^ + l^pl-1)

- ïA^)'^)
where Zq = 37712. In Figure 7.12. the ajiproximalion (7.7) is compared with the

simulated SAR distribution of the Petri dishes foi different heights of the medium

(f—835 MHz). Expression (7.71 describees very closelv the SAR distribution in the

Petri dish for small heights. To verify the approximation for different media and

different frequencies, the 60 mm Petri dish was simulated with 5 ml of medium

(cr = 40 and a = 0.8 S/m) at a frequency of 600 MHz. Again, a good agreement

was found.

7.7 Conclusions

The suitability of using Crawford TEM cells for m vitro experiments has been ana¬

lyzed and discussed. dnhe SAR distiibutions and the average SAR values for three

different Petri dishes have been determined by numeiical simulations. These dishes

had been used for different experiments as tej-orted in [4j. [5]. [6]. Tlie modeling
and simplifications have been validated. In addition, a simple approximation has

been green, allowing the assessment of the induced field levels for a wide range of"

experiments conducted in Petii dishes exposed to E-jiolaiization.
To perform well-controlled biological experiments, only well-matched TEM cells

should be used, i.e., return loss > 20 dB. The size of the Petri dish should not be

laigcr than the area of homogeneous field distribution and the dish must be placed in

the center of the TEM cell. i.e.. between the septum and the fop waff. The amount

of medium added to the cell layer must be determined with great precision due to

the high dependence of the induced fields in the cell laver to the medium height. A

large height to diameter ratio causes higher SAR values in the plane of the cell layer,
but also much higher variation of the SAR in this plane. In case of the well plate,
the SAR distribution in the plane of the cell layer is less homogeneous, due to fhe

small diameter. Fruthermore. the cells close to the crnvecl dish border should not be

considered because of higher induced fields due to border effects. It should also be

noted that the incident H-field is scarcely altered throughout fhe dish.
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Chapter 8

Exposure Setup to Test CNS

Effects of Wireless

Communications Systems

Abstract - In this chapter an m vivo exposure system is presented and an¬

alyzed which was designed to test the possible CNS effects of wireless

communications systems operating at the frequency band of 900 MHz.

It allows the simultaneous exposure of ten rats. They are restrained in

tubes that are placed radially around a dipole antenna, with the heads

directed toward the antenna. The dosimetric analysis of the setup was

performed by numerical and experimental means for rats weighting 250 -

300 g. The results document the suitability of the setup for CNS studies.

It enables the induction of well defined field strengths in the brain tissue,

whereby variations of the brain average SAR due to movement and differ¬

ent animal sizes are less than +16%. The SAR distribution in the brain is

nonuniform but comparable to that induced in the brain of a human using

a handheld wireless phone. The efficiency is about 0.20±0.05 mW/cm3
(brain average) per 100 mA feedpoint current. As desirable, the whole-

body average SAR is considerably lower, i.e., about half of that of the

brain averaged value. In addition, the setup has proven to be practical in

use and the induced stress levels from restraint of the animal in the setup

is considered to be minor by neurologists and veterinary scientists.

8.1 Introduction

The phenomenal woildwide growth m whcdess communications and accompanying

proliferation and sharp mciease of ladio ficqueiicv (RF) exposuic of their users has

attracted the attention of the public, media and health agencies, regarding the pos¬

sible adverse health effects of this technology. Since previous expeiiments have pro¬

vided some indication of the sensitivity of the central nervous system (CNS) to spe¬

cific RF exposuic [1], the initial emphasis was put on studying the possible adverse

health effects of wireless communications systems on the biam.

In this paper an in vivo exposure Mdup for testing the hypothesis of possible

119
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CNS effects which might occur drums, use of handheld mobile telecommunications

equipment (MTE) ojierating at the 900 MHz baud is presented and analyzed. The

basic demands on such an exposure system aie: (1) similar signal chai act eristics.

(2) similar field strengths and (3) similar SAR distribution hi fhe brain tissue of the

animai as is actually induced in the human brain dining daily life use of handheld

MTE; (4) low exposure in the rest of the body and (51 low stress levels caused bv

the exposure setup. For example, if fhe laftei two points are poorly satisfied, the

CNS effects might be masked by other effects, such as whole-body heating or stress

caused by restraint of animal movement. Fuithermoic. the exposure setup must be

practical to use and of reasonable cost.

In 1992 a project group of engineers, neurologists and veterinary scientists sug¬

gested the sctrrp described below to expose rats in the near field of a dipole antenna.

It was predicted, on the basis of the absorption mechanism in the near field of sources

[2]. that the induced absorption m the biain is considerably larger than the whole-

body average absorption. Since these assumptions were confirmed by a preliminary
dosimetric assessment [3] and initial tests also showed that the setup is suitable with

regaid to animal stress and practicability, several experiments were canicd out using

basically identical setups: Among them life long biain tumor promotion studies (e.g..

[of]) and studies on acute CNS effects (e.g.. [5]).
The purpose of this study is to obtain a detailed dosimetric analysis of the setup.

This includes the determination of the ratio of induced field strengths to the antenna

input power, the distribution of the absorption in the biain and trimc of the ani¬

mal as well as an uncertainty analysis with îesppct to modeling, anatomy, position,
movement and weight of the animals. The studv was conducted both numerically
and experimentally.

8.2 Exposure Setup

Figure 8.1 shows the near-field exposure setup used to test acute CNS effects of GSM

exposure [4]. GSM is a worldwide digital cellular telecommunications standard (mul¬
tiple access: time-domain multiple access (TDMA): RF cairier frequency: 900MHz,

repetition frequency: 2J7Hz. duty cycle: FS) den male Widar rats of 4 month of

age and weighting 250 - 300 g were positioned around a svmmetiical, sleeved dijiole

optimized for the canicr frequency of 900 MHz, Since the induced field distribution

and strength strongly depend on the distance and orientation with respect to the

antenna, the animals had to be restrained in tubes To pi event them fiom moving
backwards, thev were kept in place by lacballv shift able puis. The PVC tubes are

mounted on an acrylic carrousel to allow for easv access, ddiev can be detached and

adjusted to the animal so that thev pist pi event each animal to turn around, yet

are not so tight as to cause the animal disfiess. The whole setup is placed on a

wooden platform in a RF chamber that is lined with absoibcrs. This was necessary

to prevent interferences with local cellulai communication services.

In the center of the canousel.i e.. at the location of the antenna, fresh air was

blown to cool the area closest to the antenna and to ventilate the chamber. The air¬

flow was estimated to be between 50 and 150 m3/h. This had the positive, effect of

further stabilizing the position cd the head dtuing the expciiment. since the animals

all tended to stick their snouts as fai as possible into the air stieanr. The distance

of the snouts from the antenna feedpoint was estimated to be 33±5mm.
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Figuie 8 1 Neai field exposuic s«up used 1o s(ueh possible acute effects on the CNS at

the Mit hequenev band of 900MHz Ten adult nits «tie «ouped aiound a symmetrical

dipole The distance between feedpomt and snout w is kept constant to approximate!} 35mm

Ip lestiainmg the animals m the tubes

CD

Speaker

Figuie S 2 Scheme of the entut exposure «ctup \ GSM spnal was applied during biological

experiments The GSM phone w is îeplaccel in the txpciunental dosimetp b> a HP 8656B

spml „cneiatoi pienidnp i CV\ spnal ot 000MHz

the technical setup is schemitiealR ilhistiatcd in Figuie 8 2 Ihe GSM sig¬

nal simulating actual life exposuic conditions vas geneiated usmg a commeicial

portable GSM phone Motorola International 2000 conti oiled by the GSM RF Test

Set HP8922A The discontinuous transmission mode (DI\) of GSM was chosen,
because its signal has a hig« piopoitiou of low fiequencv amplitude-modulated

components A telephone convei^ation was simuhted bv icpeafedly playing the fust

half of Heimich von Kleist s eomedv Der zeibioehene Kiug This jiieee consists

of all the pauses and chmges m tone and volume of voice that can be found m an

aveiage telephone conversation The aveiage powei was gicat« than 80% ol that pio-

duced by the non DT\ mode Fhe uplink signal was amplified using the adjustable
100 M Kalmus 717FC amplifie i and the antenna input powei was momtoied using

two HP437 powei met«s
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8.3 Experimental Dosimetry

The primary objective of the experimental dosimctiy was to obtain instant data

about the antenna input, power required to achieve the desired sjTCcific absorption

rate (SAR) in the brain tissue of the animal. In addition, the experimental results

could be well used to validate the detailed numerical findings.

However, the exact experimental determination of the SAR distribution is fraught
with difficulties. 1) An extremely high spatial resolution is required because of the

large field gradients which are expected to be induced by eddy currents. 2) Because

of the rather poor coupling with fhe incident fields, high sensitivity is also necessary

at antenna input power levels of 100 W. 3) The diffeienf tissues are thermally well

isolated. 4) The thermal constant of the various tissues is not known and must be

approximated.

The SAR can be determined either with thernial oi E-field jirobes using

SAP, = -E2 - c— (8.1)
fi elf

whereby c is tlie specific heat capacity, n the conductivity and p the mass density of

the tissue and E the Hermitan magnitude of the induced electric field vector.

Because of tlie large field gradients it i« necessary to use thermal probes, although
the achievable sensitivity is poor compared to that of E-field probes.

8.3.1 Setup

The dosimetry was performed using the same exj)osrnc setttj) as used during the in

vivo experiments in order to avoid additional erior sources which might be introduced

using a modified setup. Onlv the tribe was slightly modified to enable the jiositiouing
of the temperature probes inside a rat cadav«. A Phedouetics 1450 IIS Fibcrojitical
Multisensor System (Woodinville, WA) was used with sensors whose active area is

less than 1mm2 and have beam shown to pei form better than the LUNTRON 755

device (Mountain View, CA) [6].
For the first set of measurement s tluee thermopiobes were precisely positioned

within the brain of the animal by standaid stereotaxic means. One of the probes

was jilaced directly in the center of the doisal Hippocampus. 'The other two at the

positions 0 nun and 7 mm with respect to the Bregma (Figure 8.4). Shortly after

implantation, sagittal MR-iinages were taken to det«mine the initial positions of

the probes. The piobe holdeis were constructed so as to allow vertical shifts in the

position of the probes to an accuracy of beft« than A. 0 25mm. .-V second set of

measurements was taken in 6 insertion points in the trunk of the animal with a total

of 38 different measurement points (Figure 8.5).

Idie tube was positioned so that the snout of the animal was at the shortest

distance from fhe feedpoint of the antenna that was encountered in the biologi¬
cal experiments, i.e.. 30mm. The two iieighboiing rats were simulated by rat-like

containers filled with tissue simulating liquid. The remaining seven rats were not

simulated at all. The dosimetnc measurements were performed at the maximum

available antenna input powei at 900 MHz cd 49.1 dBm. i c. 82 W.
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Figuie 8 3: Modified tube for the experimental dosimetty

8.3.2 Discussion of Uncertainties

Since the maximum induced SAR levels were close to the sensitivity of the temper¬

ature system, it was necessary to pei form several prclhmnaiv tests to ensure the

suitability of fhe adopted approach and to juovide a good estimation of fhe uncer¬

tainty of the measiu eurent.

• Nonthermal detection: To be able to exclude systematic errors due to non¬

thermal or direct detection of the miciowave exposure, measurements were

performed with probes placed near the antenna in E-. H-. and S-polarization.
No evidence of direct microwave effects on the probes could be detected.

• Short term drifts and noise: Short teim drifts and noise were checked in a

wateibath and were found to be within 0.5 mK/s. This value represents the

lower limit of noise in the dosinietiic assessments. In the tissue larger noise

levels had been observed that weie in the îange of 1 ??1 A*/d for a measurement

period of 1 minute.

• Tissue temperature: Since a thermal equilibrium previous to each exposure was

necessary, the assessment had to be conducted at loom temperature, i.e.. the

average tissue tenipeiatuie was 224dFC. Accoi cling to [7] the conductivity of

the various non-living tissues is i educed by 24- 363e compared to living tissue,

whereby the change in permittivity with respect to living tissue is negligible

(1%). Simulations showed that this effects the brain average SAR by approxi¬

mately -15(Zc to -209c and fhe wliole-bodv average SAR by approximately 5%.

• Tissue aging: Fürth« uncertainties also aiisc from changes of the dielectric

paramctcis of the biological tissue caused bv aging (mainly due to drying out).
For this reason the nit cadaver was used immediately after the death of fhe

animal and a sugai-salt solution was added régulaily into the holes for the

piobes. Nev« thclcss. this effect has been inonitoied and found to be less than

6% of the SAR in the fiist houi and much less in the following time.
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probe 1

18.6 ±0.9

17.3± 1.2

11.9 ±0.5

8.9 ± tA-.
6.6 ±0.6

measurement

points

C
probe 3

(hippocampus)
12.8 ±1.5

probe 2

20.2 ±0.8

14.7 ±1.6

9.7 ±0.8

8.2 ±1,0

8.0 ± 0.5

brain

Figuie 8 4- Temperature lise (dT/dt [mK/sb and location of the measurement points inside

the In am legion The variation gives the standaid deviation of all measuiements at that

location and is not a measure of the uneeitainties ol the expciiineutal dosimetry

Thermal conduction rate: An exposure time of 1 minute was needed to reach

the required sensitivity. Although the experiments had shown that the local

accumulations of heat disperse slowly by conduction to the neighboring regions
of the body, the errors for the local value might be considerable in areas of such

huge absorption gradients as is found in the biain tissue (see discussion in the

next Section).

8.3.3 Results

For each discrete measurement point the rat was exposed for L minute, followed

by a period of 14 minutes to determine the temperature rise. If would have been

desiiable to have had longer pauses between temperature measurements in order to

reach thermal eejuilibrium. the constraint was to perform the measurements as soon

as possible after the death of the animal. The time derivative of the temperature

was iccorded upto 3 minutes beioie the exposuie to verify if the steady state had

been leached or otheiwise to determine the appropriate correction factor.

The results of the fempciature measurements for a single rat are summarized in

Figures 8.4 and 8.5. The average value of the lour measurements is jirovided. as well

as their standard deviation. Since the Hippocampus served as a lefcrence point, a

larger number of measuiements was taken and averaged at this location. The large
deviation for this set of measurements is explained bv the aging effects, since these

measuiements spanned over seveial hours.
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Figuie 8 5 Tempeialmc use (dl/df hnK/sb uid location of the measurement points m the

whole boclv 1 be \aiiitioii gives the standaid deviation of all me asiuemenfs at that location

and is not a measuic of the uiiceitamtics of the experimental dosmietp

Ihe effects due to positional changes of the head with lespcct to the antenna

weie also assessed and aie îcjioited in Section ^ 5

8.4 Numerical Dosimetry

8.4.1 Method

The electromagnetie simulation tool MAf TA was used for the numerical dosimetry

[81 This tool is based on the Finite-Intonation- le clinique (FIT) which tiansfoims

the Alaxwell equations m mtegial km into the equivalent Maxwell gnd equations,

whcieby the lesultmg system of equations is simulai to that of a FDTD ajijiioach

[91 Fnsf-ordei Mur-absorbmg boundap conditions HO] weie ajiphed on the lattice

tiuncation to calculate the electiomaguetie field

Applying the FI-method to a scattenng pioblem m the time domain, the elec¬

tnc and magnetic field veetois aie calculated at disciete timestcps following the

well-known leapfrog -algonthm [11] M VFIA has pi oven to be veiy suitable foi

absoijition studies m bioelediomagneties [bs [12]

8.4.2 Vlodeling

The antenna was simul ited as a simple fahment dipole on a meshhne having the same

length (A/2) as the sleeved dipole used The excitation was mtioduced as an electnc

dipole m the teedpomt of the antenna Smce the induced absoiption is expected to

be piojioitional to the squaie of the mtenna «uicnf and not to the antenna input

jMiw« [2] the comjiutational n. suit s w«e comj)ared with the exjienmental values for

a feeclpomt current of 100 m-\ The ratio between antenna input powei and leedpomt
tuilent was assessed to have been t>5\\ /A2±103f and the svmmetrv of the dipole by

the neai held scannei desenbed m [13j and [II]
The îat phantom was denved fiom 74 magnetic lesouance images (MRI) taken

fiom a îat of the same biced and age as used m the expenments 13 diffeicnt tissue

types were distinguished (Idible 8 I) To dcteimme the effect of the exposuic setup

made of acivhc glass (p — 3 r^Omlio ml the clos« setup was also ehscictized as

shown m Fisrnc 8 b
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The geometry of the different tissues was first outlined with an image-processing

program for each of the 74 MRI scans. In the second step fhe different tissues were

discretizcd by fitting them into the computational giid. flic diserctized model of the

rat contained ajiproximately 230.000 voxels with the dimensions 1,5 mm x 1 mm x

1 mm. The voxel thickness in the direction of the longest axis of the îat represents

one half of the separation between the different MRI scans. The whole computa¬

tion domain consisted of about 1.7 million voxels. To i educe reflections on the open

boundaries, non-equidistant meshsteps weie used to enlarge the computational do¬

main.

Steady state was reached after approximately 8 to 12 periods. All simulations

were performed on a SparcStation 20. each of which took about 9 hours of com¬

putational time. Depending on how much data had to 1>e stored for the further

postprocessing, file sizes reached up to 160 Mllvte.

Biological <5 a [mho/ m Reference

tissue

bi ain 55 i d5i

bone 5 0.15 [16]
muscle 50 1.4 d6]
fat 2.5 0 02 [17]
skin 43 0.76 extrapolated
heart 50 1.18 extrapolated

lungs 35 0.93 [15], extrapolated

digesting 40 0.9 extrajiolatod

system

liver- 48.2 0.93 [IS]
kidneys 52.6 1.03 [18]
testicles 40 0.8 ext rapolaf ed

eyes 70 1.7 [15], extrapolated

nose-region 5 0.13 extrapolated

Table 8 b Sepaiatcd biological tissues of ihe lat and then ehelcctiic jMiametcis as used fbi

the simulations

The dielectric values of the biological tissues were taken from [15]- [18]. Since

tlieie is not much data published foi all diffident tissues of iats. some vatues had to

be estimated on the basis of the watei/fat content or bv comparing them to human

tissue. The parameters used are listed in Table 8.1. To illustrate the resolution of

the model, the bone strtictme of the uit is rejnesented in Figure 8.7. As can be

seen, very fine structures, such as the nbs could not be simulated with the chosen

resolution.

8.4.3 Dependence of the SAR Distribution on the Rat Modeling

If is evident that the local SAR value strongly depends on the electrical parameters
at this location. The achievable accuracy in dosimetry is largely impaired by the

unceitaintv of the dielectric paiameteis. On the other hand, it is not expected that

small differences at a fair distance awav from the location of interest would have a
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Figure 8.6: Discretized rat phantom and exposure setup

Figure, 8.7; Discretized bone, structure of the rat

significant influence on the SAR. To assess the sensitivity of these uncertainties on

the SAR levels, different sets of dielectric parameters were assigned to the 13 different

tissues. The absorption in the following six phantoms was compared:

• Phantom 1: morleling of all 13 different tissues according to Table 8.1 (13-tissue

phantom).

» Phantom 2 and 3: modeling of all 13 tissues with the parameters of averaged

tissue or muscle tissue, except bone/skull tissue (simplified phantom).

• Phantom 4 and 5: modeling of all 13 tissues including bone/skull with the

parameters of averaged tissue or muscle tissue (homogeneous phantom).

• Phantom 6: modeling of the head and neck region identical to Phantom 1 but,
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0 17 S 4

[mW /cm"1]

tpiuo 8 8 S Mi distiibution in a sagittal plane ihiough the middle of the iat Models

from top to bottom Homogeneous phantom with neiaged diclectnc paiainetcis Simplified

pliuitom with aveiaged dicleetiic paiameteis and 13 tissue phantom VU S VR values aie

noimalizecl to 100 m\ antenna icedpomt current

replacing all tissues truth« than 95 mm away fiom the snout with averaged
tissue oi muscle tissue paiameteis (head model)

Companng the S VR distnbutions m Figuie 8 8 it becomes obvious that the dom¬

inant mt«action mechanisms can be desciibcd b> means of eddy cunenfs induced

by the magnetic held as juedit ted fiom strich r2j Quasi-statit consideiations would

suggest a significant dependence of the induced E-held strength fiom the local tis¬

sue distiibution and a less pionounccd dependence on the whole-body aveiage SA.R

valut s

I igures 8 9 and 8 LO which sunrniaiize all different simulations basically confirm

this dependence of the S VR on the modeling The wholc-boch aveiage SAR value is

mheicnf to the modeling wheieas the lit am aveu age seems to be sensitive not onlv

to the accuiate skull and bum modeling but also to the clos« vicinity of the head

aiea Ti has been found to be «ltical tint the modeled skull completely sunoimcls

the In am tissue Since the mode lima, of this area is rath« con se (Figuie 8 7), a much
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C Whole boclv a\uaee SAR

<
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Phantom models

Figuie 8 0 Wholo-boch -aveiage S -VR foi the difleicnt simulated phantoms All values aie

uoimahzed to 100 m V antenna feeclpomt ciment Ihe numb« i\cs the numbei of tissues

used tor the 13-tissue simplified or homogeneous model followed bv (m ) toi simulating
muscle tissue, (av *) foi aveiaged diclectnc paiameteis (I S ) foi taking the exposaie setup

into account and H P foi the head phantom.

Ü Bi un i\li ice S VR

n n es up iv

Phantom mod

i m

els

Fpuie s 10 Biam-aveiage-SVR for the difleicnt simulated phantoms VU values aie uoi¬

mahzed to 100 m V antenna feedpoint ciment The numbei gives the numbei of tissues used

foi the 13-tissue simphlied or homogeneous model followed bv (m ) loi simulating muscle

tissue (av i foi aveiaged dicleetiic paiameteis il M toi takup the exposuie setup into

account and H P t« the head phantom

fin« ctiscietizition would lie neeessaiv to ledtiee significauth the discietization error

m this aica To assess the unteitanitv of the hi am average S Ali value clue to the

unceitainty of the dtelcttiie paiameteis loi In am and bone tissue simulations with

difleicnt sets of paiameteis weie peifoimed assigning t,—41 <j—0 77 mho/m instead

ofp=55 er—1 mho/m (lable 8 1) to biain tissue the whole-body aveu age SAR differs

by appiovimately IVf. the biam aveiage SAR lu CA Exchanging the paiameteis
oi the skull/bone structuie (p =-5 o=0 15mho in) with p —10. a 0 25 mho/m. the

whole-body absoiption is mueased bv appioxmrately 2d and the biam aveiage S V.R.

consideiably bv 20e é
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[mW c ad 1

Fpuie ^ 11 S VR distiibution m a sagittal plane m the biam îcgion of Ihe 13 tissue tat

phantom I ho SA.R values aie noimahzcd to 100 m V antenna fee dpouit anient

The effect of a possible difteient shape ot tlie tat dmmg the experimental dosime¬

try than clunng MRI-scannmg and thus m the numerical model was investigated by

icanringing the ehscietized MR-imagcs m a shsüith- elillcieiit but still anatomically

icahstic way Ihe whole-boeh aveiage S VR was htiebv affected by less than 1% the

hi am aveiage SAR was alteied lp more1 than 10/ since a change of the material

distiibution m an aiea of high held giadients has a stiongei impact on a local SAR

distiibution

Ihe effects of the suiiounding acivhc matenrl on the absorjition is negligible as

expected on the basis of the dominant nit«action mechanism (Figmes 8 9 and 8 10)

8.4.4 Results

Figuie 8 11, which is a close-up of the SAR distribution of the 13-tissue phantom m

Figuie 8 8, shows moie death the S VR distiibution m the biam aiea In Figures 8 12

and S 13 the measured and simulated S VR values m the biam aiea aie compared loi

the locations of piobes 1 uid 2 îespective h wheiebv i specific heat of c—3 7 J/kg/K
foi fhe biam tissue was assumed V low« gradient of absoijition v\as expected foi the

experiment due to heat conduction efiects m« the lditivdv long exposuic penode
of 1 mmute

In 1 igmes 8 11 and 8 15 the measured and simulât«1 SAR-values inside the trunk

of the rat aie conrpaied The companson is difficult since it could not be dcteimmed

m which tissue the piobe was actuallv loc ated i e MRI data was not available The

enoi bais m Figrues 8 12-8 15 oi the expenmental data onlv rejiieseut the standard

deviation of a numb« of nrcasru ement samples îe thev aie an indication of the

noise level and do not include svstematical «tois

iVvcitheless the gencial agieemcut is consideiabR bett« than the discussed

uiiceifauities of the numeiical and experimental anahsis would suggest
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8.5 Effects of Movements and Different Sizes

8.5.1 Effects of Movements

The influence of the animals position with respect to the antenna was studied by

changing the distance of the îat fiom the antenna feedpoint m the lâchai and veitieal

diicction The dependence of the induced fields m the biam tissue (piobe position

3) (oi shifts m tlie lâchai duee fion was f 1 dB e m vv hen assesse d by <he exp« imental

appioach compaicd to 1 2 dB/cm obtained bv numeiical simulations I his agrees

well with the l/i dependence of the H-field which is about 1 2 dB/tm at the location

of the biam Since the H-field haidly changes m the veitieal duection the dependence
foi veitieal shifts is small« than 0 7dB cm

8.5.2 Sensitivity to Size

Ihe influence of the size of the net (250- 300 g) was investigated lp rescahng the

13-tissue rat model Ihe vanation due to diffeient sizes of the lat is ±8% for the

wholc-bodv aveiage SVR and ±5' foi the biam aveiage SVR Laiger rats îesult

m low« whole-boeh aveiage S VR values due to the dominant I/?2 dependency of

this v due foi long« iat pliantoius At the same time the biam aveiage SAR value

mci eases because ol high« mduetivelv indue eel E-fic Ids due to the larger cross section

of the iat
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8.6 Exposure Efficiency

The exposure efficiency foi a single rat jilaced in the exposure setup at a distance of

30 mm from the snout to the antenna feedjiomt is 0.26±0.07mW/cm3 per 100 mA

antenna feedpoint current for the brain aveiage SAR and about 0.15±0.04mW/cm3
p« J 00 niA for the whole-body average value. These values aie based on the numeri¬

cal results whereby all uncertainties have been consideied as statistically independent

error souices.

To be able to extrapolate these findings to the actual exposure situation when all

ten îafs are exposed, the effect of coupling between the animals had to be assessed.

This was necessaiy. since simulating the enthe setup bv a volume technique would

increase the computational volume beyond the computational power available.

This effect was experimentally assessed by compaiing the results with and with¬

out the two rat phantoms next to the iat cadaver. The deciease of the fields induced

in the brain tissue was found to be about 209c. Since this is a ciitical assessment

for this study and laiger than initially expected, this finding was validated by nu¬

meiical simulations, applying the volume method Gencialized Alultipole Technique

(GAIT) [19]. This technique allows the simulation of ten bodies grouped around a

dipole antenna, as in the expenment. but only with strongly simplified rat phan¬

toms. Simulations with diffident modeling were conducted, and the SAR values were

compared with those of simulating a single iat and found to be scaicely dependent
on the modeling. The SAR was reduced by 2Oar39c foi the biain average and by

2o%±2% for the whole-body aveiage SAR values. The efficiency for fhe entire setup
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per 100 mA feedpoint cmrent at the aveiage distance of 35 mm would therefore be

SAR 0.20±0.05mW/cm3 per 100 mA for the brain average and 0.11±0.02 mW/cm3
jier 100mA for the whole-body average.

8.7 Whole Body Temperature rise

To ensure that the chosen exposure levels during the biological experiments did

not cause a significant rise of the whole-boeh tcmperatuie. the temperature rise for

exposure ievels which corresponded to the lange of 0.1 W/kg to 20 W/kg for the

average brain absorption was measured rising anesthetized tats.

The test was made by inserting a rectal probe and measuring the temperature

evciy minute for 30 minutes using a Quick Novo device. It was found that exposure

levels up to 6 W/kg for the whole-body SAR do not cause a detectable increase of

the rat's rectal temperature. These findings are in aood agreement with the results

for 250 - 300g rats described in [20]. where a lise of the whole-body temperature was

found for a whole-body average SAR higher than 8 W/kg.

8.8 Conclusion

The dosimetric analysis performed demount iat es the suitableness of the presented

setup to test CNS effects at the mobile communications frequency band at 900MHz.

The SAR averaged over the biain has been assessed to be 0.20±0.05 inW/cm5 for

a feedpoint current of 100 mA. if a distance of 35 mm between feedpoint and snout

is assumed to be the mean position of the head during exposure.

The variations of induced hi ain-averaged SAR values due to movement (±5 mm)
of the head and variation of the size of the animal (250 - 300 g) are estimated for the

presented setup to be less than ±16%.

The SAR distribution in the brain is largely nonuniform, i.e.. larger values closer

to the surface and smaller values at the bottom of the brain. This represents well

the exposure of human using a handheld MTE.

The whole-body average SAR is about half (559A of the brain averaged values

which is not as low as desired but still leasonably low. esjiecially since it is only
about f09o of the peak SAR (averaged over 0 1 g) induced m the brain.

In addition the setup has proven to be practical m use. and the induced stress

levels caused by restraining the animals m the setup have been declared to be minimal

by neurologists and veterinary scientists.

Overall the described exposure setup meets the requuements defined in Section

8.1 very well.
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Chapter 9

Appropriate Modeling of the

Ear for Compliance Testing of

Handheld MTE with SAR

Safety Limits at 900/1800 MHz

Abstiaet - A variety of phantoms simulating the human head have been

used to test compliance of mobile telecommunications equipment with

safety standards. Whereas numerical compliance procedures have mostly
been performed using complex anatomical phantoms based on magnetic
resonance imaging data, experimental procedures have mainly relied on

homogeneous phantoms, the ears of which have often been modeled as

lossless spacers. Previous studies had indeed demonstrated that the ab¬

sorption in the head tissue except the outer ear can be well represented by
a homogeneous head of appropriate shape and material. The objectives
of this study were to fill the gap of the remaining open issues, namely, (1)
to evaluate the exposure in the ear region with respect to the spatial peak
specific absorption rate and (2) to evaluate the most appropriate mod¬

eling of the ear for experimental evaluations such that it represents the

maximum exposure of a reasonable cross-section of cellular phone users.

This study is based on a detailed numerical phantom produced using high
resolution magnetic resonance imaging scans. During scanning, the ear

was naturally collapsed as it occurs when using a cellular phone. The re¬

sults of this study lead to the conclusion that the spatial peak absorption

occurring in the inner and outer ear can be reliably modeled either by
a lossless spacer of not thicker than 3 - 4 mm or by partially filling the

simulated pinna with head tissue simulating media whereas the minimal

distance between the device and liquid should not be larger than 3 mm.

9.1 Introduction

Regulatory bodies m the FS IE Europe [2] and lapan [3] lecpine compliance testing
of handheld mediilc communications eqtujiment pi un to maiket intioduction For

cxanrplc [2] leqimes that demondiahon of compliance mint be shown for a îea-

137
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soiiable cross-section of mobile telecommunications oqriijament (MTE) users in four

different ojierational conditions and for all device configurations, whereby the un¬

certainty must ho added to the îesults. Devices with antenna input powers of less

than 20 mW are excluded. Many compliance tests of handheld devices have been

performed experimentally using measurement systems similar to the one desciibcd

in [4]. Although multi-tissue phantoms have been developed [5]. demonstration of

compliance can only be performed based on homogeneous head phantoms since the

entire volume must be accessible by fhe probe. In most cases the ear was replaced

by a lossless spacer [4, 124. 125]. The suitability of homogeneous phantoms for ox-

posure evaluations had been demonstrated based on the results of a series of studies

[8, 49, 50, 94] systematically investigating the dependence of the absorption on the

internal anatomy. The objective of another study [7] was to experimentally evaluate

the head shape in the vicinity of the ear as well as the thickness of the collajised car.

The study was performed with 52 male and female volunteers. Based on this data,

a jihantom was proposed for compliance testing, the shape of which corresponds to

the 90%-perccntile of greatest absorption for the evaluated group. Following the

same approach it was suggested that the ear should be modeled by a lossless spacer

of 4mm. corresponding to the iOcd-jiercentile. Although if was noted that there is

absorption in the pinna, it was areyted that the losses in the outer ear would be com¬

pensated by the replacement of the low-loss structure of fhe inner eai (bony structure

with air cavities) by the lossy tissue simulating material. However, this argument

was rather based on rational reasoning than on hard scientific facts. Providing simi¬

lar arguments, some groups have used the same phantom but increased the distance

to 6 mm. which approximately represents the average thickness of the collajised ear.

The lossless spacer has alvvavs been criticized since it does not account for the

losses in the pinna, which might be quite large due to the close proximity of this

tissue to parts of the phone, potentially conducting significant radio frequency (RF)
crureiits. This criticism was supported by data obtained from numerical studies

based on inhomogeneous head phantoms deiivcd from magnetic resonance images

(MRI) which showed greatly enhanced specific absorption îate (SAR) values in the

external ear [12], [13], [14]. However, all these studies were performed based on

phantoms with non-collapsed eais. which obviously overestimates the ratio between

energy absorbed in the ear and the icst of the head. In addition, the maximum voxel

sizes weie rather large (up to 15 mm3) which may result in significant overestimation

of the exposure due to numerical artifacts [15].
Nevertheless, there was a cleai need to thoroughly address the question regarding

the apjiiopriate modeling of the eai foi compliance testing. The objective of this

study was to evaluate the exposure in the eai icgion based on a high resolution

jihantom having an accurate model of a collajised car and to investigate jiossibilities

foi appropriate modeling of the eai in experimental setups which does not greatly
overestimate nor underestimate the actual usei exjxisure

9.2 Head Modeling and Transmitter Representation

The magnetic resonance imaging (MRI) data sets from which our previous phantoms
were derived weie taken without collapsing the can nor did they provide the necessary

resolution for acctnale modeling of tiro ear region. For the purpose of this study, a

high-iesolution MRI data set of the complete head of a healthv female volunteer
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I 1

Figure 9.1: MRI slices at three different locations in the ear region. The ears had been gently

pressed towards the head as it would occur in a real world MTE user situation.

Figure 9.2: Voxel model of the head (left) and a closeup view of the high resolution eai- region

(right).

(age 40) was obtained from the University Hospital of Zurich. The ears were gently

pressed to the head surface in order to obtain the appropriate ear shape for a realistic

AITE user situation (Figure 9,1). The MRI slices were separated by 1 mm in the ear

region and 3 mm in the upper and lower head regions. From this data a CAD model

was constructed consisting of 121 slices, which were separated into 12 different tissue

types. Two different numerical phantoms were created: (1) a high resolution model

with 0.125 inni'5 voxels in the ear region and expanding meshsteps in the upper and

lower head regions and (2) a model with lmm3 voxels in the ear region and 9 mm3

voxels in the upper and lower head regions for fast parametric studies. A detailed

view of the high resolution ear region is given in Fig. 9.2. The model with the highest
resolution required a comjiutational domain of approximately 14 million voxels and

1.2 GBytes of memory and took approximately 60 hours for 10 periods on a SunUltra

2 (300 MHz) computer.

Additionally, a homogeneous phantom was created by cutting the ear away in

all MRI slices and smoothing the head surface in the ear region. The air contamine
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Figuie 9 3 Head phantom database med m pievious studies Numeiical head phantoms

based on Mill data Male head phantoms evaluated in [0] [10] and [11] (Ml M2 M3 M5i

asian male head (M7) which has not vet been studied 7 uai (C7) and 3-vcat (C3) old

(hilchen evaluated m [11] new female head with collapsed cats (M6) Expeiimental head

phantoms Shell phantom foi compliance lesttip deseiihtd ui [9] (F3), shell phantom (E21
with the same head shape as El a 5 tissue phantom ckoenbed m [5] M4 is the mrmeucal

model of El based on CT seans

auditon canal was filled with tissue Ml tissues weie simulated with the same diclec¬

tnc jiaiameter sets of H fSLl and HTST 2 as given m Table 9 2 HTSL1 corresponds

to the values used m our jnevious studies 9 [10] [11] and H TSL2 was initially

pioposed bv the FCC and appioxmrately conesponds to the arithmetic aveiage of

grey and white matt«

In oidei to eoinjiiehensively study tlie exposuic of the eai region two diffident

generic tiansnutteis weie used (If a 0 45 \ chpole and \2) a geneiic phone (Figuie
9 10) The basic stucb Mas peifoimed using the dipole In end« to validate the gen¬

erality of the findings foi other tiansmittcis additional simulations weie peifoimed
with a geneiic phone m valions positions

9.3 Methods

I he study was peifoimed bv emplovmg the Finite-Difference Time-Domain (FDID)
technique applying a 3D m-house keine 1 developed within the fiamewoik of a Swiss

pnonty research piogiam For the numeiical model an nihomogeneous gnd with ex¬

panding meshsteps was used to minimize memoiv costs and computation tunc 1 he

time step was chosen according to the Corn mt hunt [16] 2nd oidei Mm absoibing
boundaiv conditions ( VBC) weie used foi these e lie illations to truncate the eompu-
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tational domain despite the availability of other ABC in the current implementation

including Higdon operator up to 4th order and Perfectly Alatchcd Layer (PML). This

enables some computational expenses to be saved, since scattering at, non-perfectly

absorbing boundaries is of negligible significance for close near-field studies due to

the strong dependence of the absorption on the distance 181. The head models for

validation pmposes have been simulated with the FDTD-similar Finite-Integration

(Fl) implementation applying the commercially available software package MAFIA

[17]. Details on the FDTD technique can be found in [16] and on FI in [18].
A CAD tool (SEMCAD. Schmid & Partner Engineering AG, Zurich) was used

for the import of CAD data doiived from the MRI images, for the rotation of the

CAD data and the subsequent automatic discretization. The rotation of the CAD

data prior to discretization is necessary to obtain reliable tilted head models as used

in this study.

The excitation of the dipole and generic phone exposure was chosen to be an

added source [19] in order to directly normalize all values to the feedpoint current.

This approach is advantageous, since the SAR is predominantly induced by the H-

ficld. which is directly proportional to the feedpoint crurent [8]. SAR values were

calculated in the center of the voxels bv interpolating all 12 electric field values of

the surrounding edges.

The 1 g/10 g spatial peak SAR values were calculated by expanding a cube at each

grid point until the desired mass was reached. The cube was always aligned parallel
to the grid coordinates and each outermost layer of the cube consisted of at least

one voxel of tissue, i.e.. the cube not only contained tissue but also air voxels. This

evaluation appioach is in good agreement with the latest definition for the "cube"

desciibcd in the various standards.

The experimental data used foi validation purposes was obtained using DASY3

(Schmid & Partner Engineering AG, Zurich), which is the successor of the dosimetric

assessment scanner described in [4] and provides enhanced piecision and flexibility.

9.4 Validation of the New Head Model

In the first step, the peiformance of the new jihantom was compared with those of the

previous phantoms (Fig. 9.3). A comprehensive data set is available for the excitation

of a 0.45 A dipole source at 900 MHz. The orientation of the dipole is vertical and the

position of the feedpoint is 5 mm above t he pinna and at a dist ancc of 15 mm between

the feedpoint and the surface of the head. The same dielectric parameter set as in

the previous studies was chosen, which conesponds to the Dielectric Database from

Microwave Consultants [20]. The SAR distribution and spatial peak SAR, values were

computed for the inhonrogeneous phantom as well as for the homogeneous jihantom
in which the dicleetiic parameters of all tissues were replaced by the parameters of

the head tissue simulating liquid (HTSL1).
The SAR distributions along a line perpendicular to the dipole axis directly

behind the feedpoint are compaicd in Figures 9.4 and 9.5. In Fig. 9.5 fhe experimental
data foi the three different head phantoms E1/E2/E3 (see Fig. 9.3) have been added.

In Fig. 9.6 the lg and 10g spatial peak SAR values are compared.
lire obtained SAR data for the new head model is well within the given range of

the oth« head models (Figuies 9.4. 9.5). veiifvhig the pievious conclusions that local

absorption is strongly dependent on tliffeiences of the internal anatomy, whereas the
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ble 9.1: Dielectiic paiameteis at 900MHz and 1800 MHz [2b and tissue densities [
1 Sjiec. giavity 900 MHz 1800 MHz

t issue p[g/cn/} \ d o[mho/ni] d a\rnho/rn)

bone ' 1 1.81 [ 20. S 0.31 19.3 0.59

skin 101 43.7 0 86 41.4 1.21

fat 0.92 11.3 0.11 11.0 0.19

muscle 1,01 56.0 0.97 54.4 1.39

brain 1.04 15.8 0.77 43.5 1.15

CSF 1.01 68.6 2.11 67.2 2.92

blood 1.06 61.1 1.34 59.4 2.04

cartilage 1.10 12.7 0.78 40.2 1.29

eye:

vitreous humour 101 68.9 164 68.6 2.03

lens 1.10 46.6 0.79 15.4 1.15

sclera 1.17 55.3 1.17 53.6 1.60

air 0.00 1.0 0.00 1.0 0.00

111

Table 9 2: Didectiie paiamet« sets of the Head Tissue Simulating bicjuids (HTSb) used foi

the homogeneous head modeling

1

tissue

Spec, gravity 9

p[g/cn/} \\ p

00 MHz

a[mho/m]

V

er

"00 MHz

a[mho/nr]

HTSL1:

Head Tissue Simul. Media 1.00 43.5 0.90 41.0 1.69

HTSF2:

Average Brain (FCC) 1.00 45.8 0.77 43.5 1.15

spatial peak SAR values vary onlv within a small range (Figure 9.6). In other words,
(he spatial peak SAR - at least for the area above the eai - can be well assessed rising
a homogeneous phantom having the appiojuiate dielectric parameters.

9.5 Results at 900 MHz

9.5.1 Dipole Configurations

The position of the dipole in the above mentioned absorption studies [9. 50, 94] was

chosen because it results in the laigcst absorjilion. The biam was also considered to

be (he most relevant tissue with respect to health lisk consideiations. Another reason

for choosing the position was its rather simple and well defined tissue distiibution. i.e..

small shifts parallel to the suiface of the skin do not result in significant changes of the

absorption pattern. Much larg« vaiiation must be expected for the ear region, which

is composed ol a complex 3-dimenstonal tissue distribution including air cavities and
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Figure 9 1 SAJt distiibution along a line peipcndiculai to the axis of a 0 45 \ (900MHz)

dipole dneetlv behind the feedpoint foi 5 mhoiiicpetiootib MRI-ba&ed head phantoms The

dipole ib located with its feedpoint 5mm above the pmna at a distance of 15mm to the

sin face oi the head

[mini

Figuie 9 3 Compaiisoii of the S-VR distribution 1« the same excitation and phantoms (Ml
M6) than in Ihe pievious Figuie but foi which the diefeetrie paiameteis of all tibbties

weie leplaeed bv e,i — 13 5 <p o= 0 Omludm and p=lg/cin? In addition tlie experimental
values foi tlnee expeiimental head phantom-- (El E2 and E3) aie neu



144

inhomog. homog. inhomog. homog.

Figure 9.6: Compaiisoii of the spatial peak 8 VR value« aveiaged ovei f and 10g for the five

phantoms Ml
...
M6 and the two chilchen phantoms C7 and C3.

low-loss bone structures, as well as various wet tissues.

The basic investigation on the absoiption in the eai region was also performed

using the dipole, since it has a well defined current distribution which does not

stiongly depend on the load, i.e.. on the scattered field. The effect on the impedance,

which would significantly distort the evaluation of fhe absorption in the ear as a

function of the modeling, can be avoided bv normalizing all values to a constant

feedpoint current of 100 mA. The vertical dipole was shifted on a matrix parallel

to the head surface, with a distance to the closest tissue voxel of 2mm for the

inhomogeneous phantom. The separation of the 3 x 3 matrix was 20mm in the z-

and 15 mm in the y-direction. The values were compared to those of the homogeneous

phantom (HTSL1: e,.i=43.5. op
— 0.9 mho/m) with a 4mm lossless spacing. The

dicleetiic parameters were chosen from 21] (Table9.1), which are more recent than

the dielectric parameters used in the previous studies.

The results of a representative position directly behind the opening of the au¬

ditory canal is shown in Figure 9.7, in which the two additional distances of 5 and

10 mm were also evaluated in order to venfv whether the findings have a strong

distance dependence.

At this particular position, the eai her assumption holds that filling the low-loss

structure of the inner eai with lossy liquid compensates for the losses in the pinna

(Figure 9.8). However, the volume containing the spatial peak SAR value shifts

away from the feedpoint to areas of gieater wet tissue content. This is represented
in Figure 9.11. showing a shift in position of the averaging volume to outside the

complex shaped, air containing eai region for inhomogeneous modeling. Since the

homogeneous phantom shall be designed to well represent the spatial peak SAR

values, fhe homogeneous head without the car will not well rejireseut the local peak
SAR which occurs m tlie pinna (Figure 9 7). It must also be noted, that these focal

values stiongly depend on the shape of the can On the other hand such single voxels



inhomogeneous with eat a homogeneous without eai

d=10 mm

d=10 mm

60 0 20 40 60

Figure 9 7 S-VR distiibution along a line pcipendieuhr to the 0 15A (900MHz) dipole axis

a) 5mm above the pmnà (top) and b) dneetb behind the feeclpomt (bottom) The dipole
was positioned with its feedpoint ducctlv behind the opening of the auditor:y canal at tluec

distances (2/5/10mm) to the outermost voxel of the puma The dot in sketches a) and b)
eoiiesponeh to the position ol the axis whcie the SVR was evaluated In each diagiam
anatomicaUv collect modehip including the compluittd shaped eai region is coinpaied to

homogeneous modehip (H1SL1 pi=f3 5 op = 0 0mho/nil without eai and a simplified
eai lcnorr

based values mcoipoiate huge une «t unties due to uumenc al artifacts, which can

.. . .
1

.
...1 1 i^rOf / 11"

easily exceed 100d '15

Based on these icstilts eonsideiabiv laigei >patial peak S \R values had to be

evpettcd when the feedpoint of the dipole is shifted to locations wheie the tissue

volume of the pinna m the pioximitv of the feedjioint is consideiably laiger To

study this dependence the dipole s position was shifted on a plane paiallel to the

eai on a 3x3 matnx fhe results of which aie plotted in (Figure 9 9) 1 he largest
spatial peak S4R (1 g-av«agedl was ajipioximateb 1 dB above the value found at

the cent« position 1 he leascm n the Lug« volume oi the pmna and that the bone
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inhomogeneous with eai homogeneous without eai

©

E, 3

<

distance eai dipole d|mm)

Figuie 9 8 Spatial peak S-VR values avciapd c\ei f and 10g and the maximum one-voxel

S VR loi the 0 f5 A dipole (900 MHz) located w it h it-- feedpoint at the opening of the audit oi\

canal loi the inhomogeneous phantom mehidnp the eai as well as foi the homogeneous
phantom (HTSI1 p \ — i3 5 cp = 0 9 mho An) without c« but with a 4 mm spacci

16-18

14-16

12-14

10-12

8-10

6-8

14-6

12-4

10-2

IgpcASAR SAR LmW/g]/l 00 mA

Figuie 9 9 Spatial peak 8 VR values (right) a\eiapdo»ci l g fen the 0 45 \ dipole (900 MHz)
located with its letdpomt at 9 diflcient locations on a plane paiallef to the eai (left) Ihe

middle position (black dot) conesponds to the po-ition descnbed in 1 ig 8 and 7

stiucttue of the mnei eai does not cntirelv extend to this eai legion However, this

dipole simulates a eoneentiated source within oiih> 2mm hom the tissue which is

unlikely to oceui in daily situations

9.5.2 Generic Phone Configuration in Simplified Positions

In oider to bett« îepiosent the actual exposuic having a moie chstiibuted souice

m the area of the eai a genenc phone with dimensions as lepiesented m Figuie
9 10 has been used in the following studies It consists of a simple box with a

monopole antenna of icahstic dimensions In oidei to tompaie oui icsults with the
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10 mm * * 16 mm Position Bl Posmon B2

Figuie 9 10 Dimensions of the metal ease of the ^eneiic phone (lottl and veitieal (RF) and

lioiizontal (B2*) phone position (light) Ihe metallic hox is at a distance ol 2mm fiom the

out«most voxel of the pmna coiiespoiidmg to a 2mm plastic lavci covcimg the metal case

The dot conesponds to the location of the opemip ol the audit015 canal

,mrmVJl"l*VV¥llu,

inhomogeneous homogeneous
with eai without eat

"tiguic 9 11 The location of the 1 g and ltd aveiagmg volume 111 the human head model

is shown toi inhomogene ors modedmg (left) and homogeneous modeling (nght) foi a 0 45A

dipole The lecdpomt is located chiectb behind the auditon carrai the distante between

the dipole and the closest voxel is 2mm loi homogeneous modeling, the lg cube is located

inside the 10g ( übe
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position B 1 position B2

10a le lOsî

inhomo. D homo. 4 mm spacer D homo. 6 mm spacer

Figuie 9.12: Spatial peak SAR values aveiaged en« lg and 10g for vertical BI (left) and

lioiizontal 132 (light) phone positions loi the inhoiiiepeiieotis phantom including the ear. as

well as foi the homogeneous phantom iHlSLl r,i—13 5. cp — 0 9mho/m) without eai but

with a 4/6 mm spac« at 900 MHz,

findings of previous studies, the phone wees first positioned vertically (position BI)
and hoiizoutally (position B2) next to the eai (90 with respect to the line connecting

both auditory canals). The reason that this îather uncommon position was favored

by most studies was the shortcoming of most numeiical tools in the support of tilting
head models without significantly imjiainng modeling accuracy.

The distance to the closest voxel of the pinna was in both jiositions 2 mm in

order to account for the thickness of the synthetic material around the device body.

The location of the imaginary loudspeaker was directly behind the opening of the

auditory canal as represented in Figure 9.10. For the homogeneous jihantom (HTSL L:

P i —13.5. ep = 0.9 mho/m) a lossless spacer of 1 mm (i.e.. 6 mm between the surface of

the phantom's skin and the metallic box) and (dum (respectively 8 mm) was chosen.

The results for the lg and 10g values tor jiositions BL and B2 are summarized in

Figure 9.12. It, becomes obvious that a spacer of 3 - 1 mm much better îepresents

fhe maximum exposure of the inhomogeneous phantom than a spacer of 6 mm. As

expected, the spatial peak SAR values averaged over a rube of 10g are much less

sensitive to the location of the phone and modeling of the ear.

9.5.3 Intended Use Position

To verify these findings for more realistic positions with respect to the head, the

dipole and phone were evaluated in a position which corresponds to the intended

use position defined by r2j. In the first step, the CAD data of the head was rotated
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Fpuic 9 13 Rotated held (left") and spitnl pt ik 5\R values milled over f g and 10g
foi an intended use position of the generic phone (position B3) tin homogeneous (I1TSI1

e, i=l3 5 cTj = 0 9mho/m and HTSL2 c 45 s a — 0 77mho/m) and inhomogeneous

modehip at 900 MHz

by 23° aiound its x-axis and -7° aiound its / axis (Figure 9 2) which icpiesents

the mfended use position (position B3) 1 he 0 ID model of the dipole oi phone

was ulded and a new giadcd mesh alpned to the cooidinate system of the souice

was then geneiated (Iigrue 9 13) This juoeeduie lesults m i disci etizat ion which

ncith« adds uneeitainties to the phone modclm^ uoi changes the accuracy of the

head modeling compared to the previous jiositions

fhe spatial peak SAR values aveiaged ovei 1
rt

mel 10g aie represented in Fig¬
uie 9 14 foi the dipole and m 1 igmo9 11 lot the ^enene phone for a 4 mm lossless

space i As foi the jiievious position the maximum unci«estimation exposrue for

tlie investigated souice with homogeneous modeling without eai usmg a spacing of

4mm and dielcctnc paiamet« set of IITSFl w is 20e foi the 1 g spatially averaged
SAR bsmg the dielectric pai unctcr set of HTSI2 the undeiestimation was moie

pronounced (10e/)

9.6 Results at 1800 MHz

Additional studies w«o necessuv at 1^00 Mil/ since d is not per se obvious that

the findings are ilso \ did at high« frequencies due to the significantly reduced skin

depth It is expected t h it r hi pi amount of the total eneig-y loss is absorbed m

the external eai and skm hoi comparison the homogeneous phmtom was simulated

with both ehelectne panmel« s( p HlSbl and 2

Flic lesults aie summau/ul m Figures 9 14 mel 9 15 bom which sumlai con¬

clusions as at 900MHz cm be dtiwn unci« the condition that the homogeneous

phantom is modeled with the diclectnc paiamcf« set of 1ITSL1 Employing the di¬

elcctnc jiiiamet« set of HFSI2 the und«est million is quite significant suggesting
that the thickness of the spicei must «thei be reduced oi the en must be modeled

by a fossv cad il ige like mittn il
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900 MHz 1800 MHz
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D homo en. cri homo £12, c?2

Figuie 9 11 Dipole eoufpuidtion with a lotited head m position D3 and spatial peak S VR

values aveiaged ovei la and 10
„

foi i 0 15 V dipole it 900MHz (left) and 1800 MHz (ight)
The closest distance between elipolt arrd lie ici ts 4mm The diclectnc paiameteis foi the

hoinoöenious phantoms aie HISIl e i=43 5 o - 0 9mho/m and HTSL2 ero —15 8

it, - 0 77mho/m at 900 MHz HISbl c
- 11 or, _ 1 09mho/m and HTSL2 t, s 43 5

or, - t 15 mho/m at 1800 MHz

9.7 Discussion and Conclusions

This study on the exposuic ol the eai w is based on one jiai ticulai jihantom only i e

it does not preivide mfonnafion about the valuations of different eais In addition

the cvjiosuie was onR investigated foi two gentne tiaiismitteis Meveitheless the

study enables conclusions to be made which ue gen« illy valid within icasonable

limits

The basic lequuement for a sound procedure shall enable demonstration of com¬

pliance foi a icasonable «oss-section of useis This ultimately lcquires simplifica¬

tions since the absoiption sigmtrcanth depends on the mfe mal and external anatomy

ol the us« The simplification is driven by the requirement to define a single phan¬

tom which satisfies the following ciifuia The exposure assessed with this phantom

foi a given VI IE and position shall not undeiestiinate the actual maximum exposuic

oecunmg m a icasonable noss-scction ed users Based on the jirevious studies it

was shown that this is possible with a homogeneous head of appiopnate shape and

dielectric paiameteis despite the considei ible anatomical vanations This had been

validated with the exception of the eai legion Ihe c n legion is of special complexity

with lespect to absoiption bee ruse of the complex stiuctuie of the inn« eai and the



Figuie 9.15: Rotated head (left) and spatial peak SAR values averaged ovei lg and lOg
foi an intended use position ol the geneiic phone (po-itron B3) foi homogeneous (IITSLf-
t,i=dl. ui = 1 69mho/m and HTSF2- ers=13 5 a:, = 1 15mho/m) and inhomogeneous

modeling at 1800 MHz.

considerable anatomical variations in shape. A/e and thickness of the external ear.

In addition, the external car is always m diiect contact with the device. On the other

hand, the external ear has proven to be quite resistant to all kinds of chemical and

physical agents as well as environmental stiess. However, current safety guidelines
do not define different safety limits for the external ear.

The results of this study suggest that for this particular- person the spatial peak

exposure in the ear region can be appropnateh modeled by simulating the head

homogeneously by selecting the dielectric paiameter set of HTSLI and simulating
the ear pinna by a lossless spacer of 3 - 4 mm thickness. Using a 4 mm spacer, the

maximum underestimation of the spatially 1 g-averaged peak SAR using a generic

phone as a source was below 20%. The fOg-aveiagcd spatial peak SAR, however, was

never underestimated. In case of a worst-case exposure souice. the undei estimation

of the 1 g-averaged value could be as high as 3 db.

To obtain a more comprehensive data base valid for a reasonable «oss-scction

of the user group, a hug« number of human head models including realistically
modeled ears would have to be analyzed in a similailv detailed approach as presented.
This would clearly exceed the resources of our laboratory. Nevertheless, since the

head jihantom used has no obvious significant deviation from a normal head, if is

unlikely that using oth« head phantoms will change the basic findings of this study

significantly. Consequently, this studv allows the general conclusion that a lossless

spac« of >4mm would icsnlt in significant underestimation of some exposures. On

the other hand, a very thin spacer would overestimate the exposuic in the area above

the ear. Consequently a ligoious ajiproach fully comjilving with the lesults of this

study would be to model the extension of the outer ear sufficiently large (e.g.. 90%

percentile) and the thickness of the compressed car correspondingly thin (e.g., 10%

percentile) wheieby the ear should be paifially filled with tissue simulating liquid by

providing a minimal distance between the device and liquid of not larger than 3 mm.
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Epilogue
In summary, the objectives described in the introduction have been achieved. An

extensive literature survey of numeiical and experimental techniques used for electro¬

magnetic field prediction of antennas embedded in comjilex dielectric environments

was presented. Within the MIXAST project EMSIM. a FDTD kernel was developed

and benchmarked focusing on near-field antenna configurations. Error sources for

FDTD simulations were analyzed and modeling uneeitainties when using rectilin¬

ear grids were investigated in detail. Finallv the FDTD technique was applied to a

wide range of applications, ranging from the dosimetiic analysis of in vitro arid opti¬

mization of m vivo exposure setups onto human electromagnetic absorption studies.

Ilowev«. knowing the accuracy of the obtained icsults is essential not only for the

desciibed class of problems but also for all electromagnetic field assessments. Results

must include a comprehensive uncertainty assessment in order to be of any value for

scientific and engineeiing puiposes.

In contiast to the previously assessed effects of staircasing on the scattered field

of metallic scattercrs and aitificial reflections from boundaries which have been dis¬

cussed extensively in the literature, this thesis addressed the relevance of material

boundaiy representation of comjilex dicleetiic bodies foi simulation with FDTD.

The error sources have been systematically investigated, and techniques for

impioved dielectric material boundary lcpresentation of complex dielectric bodies

within FDTD have been characterized with respect to uncertainty and arc currently

being implemented.

However, the issue of source modeling was only briefly discussed. This plays a

minor role for well defined and simple antennas (e.g.. dipole antennas) or sources

which are sufficiently far from any scattercrs. This is the case foi dosimetric analysis
of ?7i vitro and « vivo exposuic setujis but not for realistic mobile telecommunications

equipment operated in the closest vicinity of the body. In the latter case, the near-

field radiation char act« istics of a MTE will not only elepend on the modeling of the

antenna, but also on the matching netwoik and casing. It may even significantly
depend on the exact modeling of the internal details of the îadio, e.g.. PCB, whing.
battery, etc. In addition, appropriate modeling of the feedjioint is a challenging
problem for any technique. Also the modeling of more comjilex antenna structures

with îespect to the FDTD gild. e.g.. helixes, is ah«idv a challenge of its own.

d hese problems would clearly be bevond the scope of a single thesis and are con¬

sequently being addressed bv my colleagues. Nicolas Chavannes is currently working
on modeling of grid noueonformal antenna stittctures and general implementation of

subgricls. The issues of optimized meshes automatically generated on the basis of

complex CAD data and minimization of the dispersion in stiongly graded meshes

as well as the modeling of the feedpoint arc currently part of the PhD topic of my

colleague Andreas Christ,

In the futuic if might also be woith looking again at the issue of hybrid ap¬

proaches, i.e.. combining FD fD with other techniques.
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