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Summary

The number of mobile phone subscribers, as reported by the International
Telecommunication Union, surpassed the six billion milestone in October
2012; each of these phones includes various transmitters operating at differ-
ent frequencies. Mobile transmitters became pervasive throughout the world
within three decades of the first deployments in Tokyo in 1979, which was
followed by the introduction of the Nordic Mobile Telephone (NMT) sys-
tem in northern European countries in 1981. Within the next few months,
4th generation (4G) handsets will be fully deployed. During the last decade,
wireless data networks in offices, homes, and public spaces (airports, trains,
hotels, etc.) have also become widespread. This explosion in the usage of
handheld transmitters has generated the need for research on small efficient
antennas and associated exposure risk assessments.

The coupling mechanisms of transmitters in close proximity to the body
(head and trunk), including dependence on head and body shape (external
anatomy), complex tissue distribution (internal anatomy), age, ears, im-
plants, antenna factors, etc., have been studied in detail during the last ten
years. A large portion of the research related to these issues was conducted
by PhD students at the ETH and IT’IS Foundation during the 1990s and
early 2000s. This research resulted in new guidelines for antenna develop-
ment, product standards, and was fundamental to progress in risk assessment
related to the radiofrequency (RF) exposure associated with mobile phone
use.

In this thesis, some of the main remaining unresolved issues, namely,
the effect of the hand on antenna performance and RF exposure of the hand
and head, is addressed. In the first study of PartI (Chapter 4), the effect
of the hand on over-the-air (OTA) performance of the transmitter is inves-
tigated. The objectives were to provide input for standardization and tools
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X SUMMARY

for optimization of handheld transmitters. The results of the study reveal
that testing the OTA performance without the hand (standard practice at the
time of the study) correlates only poorly to real-life performance. The sig-
nificance of hand parameters with respect to OTA performance impairments
were, in order of importance: 1) the position of the index finger; 2) the dis-
tance between the phone case and palm; 3) the position of the remaining
fingers; 4) the size of the hand; 5) dielectric parameters; and 6) wrist length
and tilt. An unexpected finding of the study is that the presence of the hand
may increase the exposure of the head in some cases. This, together with
further evidence from experimental studies conducted by industry, laid the
groundwork for the second study.

In the second study of Part I (Chapter 5), the influence of the user’s hand
holding a mobile phone to the ear on the peak spatial specific absorption
rate (psSAR) averaged for 1g and 10g samples of head tissue was investi-
gated both experimentally and computationally, and the results compared
to current measurement standards, i.e., the measurement of SAR in a head
phantom without a hand present. The mechanisms of interaction between
the hand and mobile phone models were studied. In addition, simulations
and measurements at 900 and 1800 MHz were conducted to elucidate the
hand grip parameters that lead to higher SAR in the head. Numerical simu-
lations were conducted on four mobile phone models, and parameters such
as the palm-phone distance and hand position were varied. Measurements
were made on 46 commercial mobile phones, and the maximum psSAR
at different hand positions and palm-phone distances was recorded. Both
simulations and measurements demonstrate that the increase in the psSAR
inside the head caused by the presence of the hand may exceed 2.5 dB. Fur-
thermore, the psSAR is sensitive to hand grip, i.e., the variations can exceed
3 dB.

The last study of PartI (Chapter 6) describes remaining questions re-
garding the exposure of the hand, i.e., the fingers and palm. First, the mech-
anisms of absorption in the hand of electromagnetic (EM) fields in the 900 to
3700 MHz frequency range was analyzed, and the envelope of the psSAR of
the hand with respect to the psSAR limits calculated. Further investigations
included whether a standardized test method based on a flat phantom is con-
servative. The results demonstrate that the absorption of RF energy in the
hand is larger than that predicted by testing with a flat phantom; enhance-
ments of several dB are observed, depending on the model parameters. The
results are used to generate correction factors for conservative estimation of
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SAR in the hand measured with flat phantoms.

These studies have been published in peer-reviewed journals and pre-
sented to standards groups and government agencies. Over-the-air (OTA)
evaluations are currently conducted with hand phantoms included. The
groups that develop product standards for demonstration of compliance with
safety limits are currently working to integrate this knowledge into the next
revision of the standards.

While PartI addresses the issue of how to optimize antennas that mini-
mally couple with the human body with maximized omni-directional radia-
tion, Part II focuses on the counter task of developing antenna configurations
that couple effectively to specific tissue regions (tumors) while minimizing
exposure of healthy tissues and radiation into the environment. Hyperther-
mia (HT) was considered a promising treatment modality already during
the 1970s and 1980s, until two large clinical trials showed that HT corre-
lates only poorly with recovery rates of cancer patients. Today, it is believed
that the lack of proper applicators and reliable treatment tools were largely
responsible for the failure of HT in the clinical trials. The complexity and
difficulty involved in designing HT applicators, especially for non-invasive
application (external delivery of EM power), was underestimated.

PartIT begins with a brief background and the biological rationale of
HT treatment, and a literature review of the EM technology used and pro-
posed for noninvasive HT applications, including low-frequency methods,
phased arrays at RF frequencies, and some alternative approaches. The final
study (Chapter 10) describes the design of a novel HT applicator, based on
a phased array of cavity-backed slot antennas, developed for treatment of
tumors in the head-and-neck region. The design of the antenna array as well
as optimization of patient positioning based on the location of the tumor is
covered, as we have found that the position of the body, which had been
overlooked in previous studies, is critical for optimized exposure. A real
patient model was tested with this applicator and the optimized position,
and the results show that more than 90% of the tumor volume can be irra-
diated with sufficient EM exposure, without the development of non-target
hotspots. The applicator design has significant advantages over the current
prototypes currently being tested in clinical trials.

These findings form the basis of a treatment approach currently in use at
the ERASMUS MC Oncology Center in Rotterdam and also serve as input
towards development of next generation applicators to be employed at the
University of Zurich in 2014.






Zusammenfassung

Die Zahl der Nutzer von Mobiltelefonen, die von der Internationalen Fern-
meldeunion (ITU) angegeben wird, iiberschritt im Oktober 2012 die Marke
von sechs Milliarden. Jedes dieser Mobiltelefone enthélt unterschiedliche
Sender, die auf verschiedenen Frequenzen arbeiten. Nach ihrem ersten Ein-
satz in Tokio im Jahre 1979, dem 1981 die Einfiihrung des Nordic Mo-
bile Telephone (NMT) Systems in den Lindern Nordeuropas folgte, durch-
drangen tragbare Sender innerhalb dreier Jahrzehnte die ganze Welt. In
den kommenden Monaten werden Mobilgerite der vierten Generation (4G)
vollstindig eingefiihrt. Wihrend des vergangenen Jahrzehnts wurden draht-
lose Datennetze am Arbeitsplatz, zu Hause und an offentlichen Plédtzen (an
Flughifen, in Ziigen, in Hotels usw.) ebenfalls allgegenwiértig. Durch diese
Explosion bei der Nutzung tragbarer Sender entstand neuer Forschungsbe-
darf auf den Gebieten der Entwicklung kleiner und effizienter Antennen und
der Bewertung der Risiken durch die mit ihrer Verwendung einhergehende
Belastung.

Die Kopplungsmechanismen von Sendern in unmittelbarer Néhe des
Korpers (Kopf und Rumpf) einschliesslich der Abhéngigkeit von der Form
des Kopfes und des Korpers (externe Anatomie), von der komplexen Verteilung
der Korpergewebe (interne Anatomie), vom Alter, von den Ohren, von Im-
plantaten, von den Eigenschaften der Antenne usw. wurden in den vergan-
genen zehn Jahren im Detail untersucht. Ein Grossteil der Forschung auf
diesen Gebieten wurde von Doktoranden der ETH und der IT’IS Founda-
tion in den 1990er und 2000er Jahren durchgefiihrt. Die Forschungsarbeiten
fiihrten zu neuen Richtlinien fiir die Antennenentwicklung und fiir Produk-
tnormen, und sie waren entscheidend fiir Fortschritte bei der Abschitzung
der Risiken durch Belastung durch Hochfrequenz (HF) beim Gebrauch von
Mobiltelefonen.

xiii



Xiv ZUSAMMENFASSUNG

Diese Arbeit befasst sich mit einigen der wesentlichen unbeantwortet
gebliebenen Fragen, ndmlich mit dem Einfluss der Hand auf die Betrieb-
seigenschaften der Antenne und auf die Belastung des Kopfes und der Hand
selbst. In der ersten Studie des ersten Teils (Kapitel 4) wird der Einfluss
der Hand auf die Freiraumiibertragungseigenschaften (over-the-air perfor-
mance) des Senders untersucht. Zielsetzung war es, zur Standardisierung
und zu Werkzeugen fiir die Optimierung tragbarer Sender beizutragen. Die
Ergebnisse der Studie zeigten, dass die Messung der Freiraumiibertragung-
seigenschaften ohne die Hand (géngige Praxis zur Zeit der Studie) nur man-
gelhaften Aufschluss iiber die Leistungsfahigkeit in realen Situationen gibt.
Die Bedeutung der Parameter der Hand im Bezug auf die festgestellte Beeintréich-
tigung der Freiraumiibertragungseigenschaften sind (nach Stellenwert geord-
net): 1) die Position des Zeigefingers, 2) der Abstand zwischen dem Gehiuse
des Telefons und der Handfldche, 3) die Position der iibrigen Finger, 4) die
Grosse der Hand, 5) die dielektrischen Eigenschaften und 6) die Linge und
Neigung des Handgelenks. Ein unerwartetes Ergebnis der Studie war, dass
die Gegenwart der Hand in manchen Fillen zu einem Anstieg der Belas-
tung des Kopfes fiihrt. Dies - zusammen mit weiteren Anhaltspunkten aus
Messungen, die von der Industrie durchgefiihrt worden waren - legte die
Grundlagen fiir die zweite Studie.

In der zweiten Studie des TeilesI (Kapitel 5) untersuchte ich sowohl
messtechnisch als auch mittels numerischer Simulationen den Einfluss der
Hand des Benutzers eines am Ohr gehaltenen Mobiltelefons auf die tiber 1 g
und 10 g Kopfgewebe gemittelte Peak-Spatial-Average-SAR und verglich
die Ergebnisse mit den geldufigen Messnormen, die die Bestimmung der
SAR in einem Kopfphantom ohne Verwendung einer Hand definieren. Die
Mechanismen der Beeinflussung zwischen Hand und Mobiltelefonmodellen
werden untersucht, und zusitzlich werden Simulationen und Messungen bei
900 MHz und 1800 MHz durchgefiihrt, um diejenigen Parameter des Griffs
zu erkldren, die zu hoherer SAR im Kopf fiihren. Vier Modelle von Mo-
biltelefonen wurden simuliert, und Parameter wie z. B. der Abstand zwis-
chen Handfldche und Telefon und die Position der Hand wurden variiert. 46
handelsiibliche Mobiltelefone wurden gemessen und ihre maximale Peak-
Spatial-Average-SAR bei unterschiedlichen Handpositionen und Abstinden
zwischen Handfldche und Telefon aufgezeichnet. Sowohl die Simulationen
als auch die Messungen zeigen, dass der Anstieg der Peak-Spatial-Average-
SAR im Kopf, der durch die Hand verursacht wird, 2,5 dB iiberschreiten
kann. Zudem reagiert die Peak-Spatial-Average-SAR empfindlich auf die
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Eigenschaften des Griffs, d. h., die Unterschiede konnen 3 dB iiberschre-
1ten.

Die letzte Studie des TeilesI (Kapitel 6) beschreibt verbleibende Fra-
gen im Hinblick auf die Belastung der Hand, d. h. der Finger und der
Handflache. Zuerst wurde der Absorptionsmechanismus elektromagnetis-
cher (EM) Felder in der Hand im Frequenzbereich von 900 MHz bis 3700 MHz
analysiert, und eine Hiillkurve fiir die Peak-Spatial-Average-SAR im Bezug
auf die Grenzwerte wird berechnet. Weiterhin untersuchten wir, ob ein
standardisiertes Testverfahren mit einem Flachphantom ein konservatives
Ergebnis liefert. Die Ergebnisse zeigen, dass die Absorption der HF-Energie
in der Hand grosser ist als die durch das Flachphantom bestimmten Werte.
In Abhingigkeit von den Modellparametern wurden Erhohungen von eini-
gen dB beobachtet. Mit diesen Ergebnissen wurden Korrekturfaktoren bes-
timmt, mit denen sich die SAR in der Hand durch Messung an einem Flach-
phantom konservativ bestimmen lisst.

Diese Studien wurden in referierten Fachzeitschriften verdffentlicht und
Normierungsausschiissen und Regierungsbehorden vorgestellt. Bei der Er-
mittlung der Freiraumiibertragungseigenschaften (over-the-air performance)
werden derzeit Handphantome verwendet. Die Ausschiisse, die Produktnor-
men zur Uberpriifung der Grenzwerte entwickeln, bereiten die Einbindung
der Erkenntnisse dieser Arbeit in die nichsten Revisionen der Normen vor.

Wihrend sich Teil I mit der Frage nach der Optimierung von Antennen
befasst, die moglichst wenig Energie in den menschlichen Korper einkop-
peln und gleichzeitig iiber bestmdgliche Rundstrahleigenschaften verfiigen,
konzentriert sich Teil Il auf die entgegengesetzten Fragestellung, ndmlich
auf die Entwicklung von Antennenkonfigurationen, die effektiv in bestimmte
Geweberegionen (Tumore) einkoppeln, wobei die Belastung des gesunden
Gewebes und die Abstrahlung in die Umgebung minimiert werden sollen.
Die Hyperthermie (HT) wurde bereits in den siebziger und achtziger Jahren
des vergangenen Jahrhunderts als vielversprechendes Behandlungsverfahren
betrachtet, bis zwei klinische Grossstudien zeigten, dass HT-Behandlung
nur in mangelhaftem Zusammenhang mit den Genesungsraten von Kreb-
spatienten steht. Heute glaubt man, dass der Mangel an geeigneten HT-
Applikatoren und zuverldssigen Behandlungswerkzeugen allgemein fiir das
Scheitern der HT in den klinischen Studien verantwortlich zu machen ist.
Die Komplexitit und die Schwierigkeiten bei der Entwicklung von HT-
Applikatoren wurden insbesondere bei nichtinvasiver Anwendung (App-
likation der HF-Leistung von aussen) unterschétzt.



xvi ZUSAMMENFASSUNG

Teil IT beginnt mit einer kurzen Zusammenfassung der Grundlagen und
des biologischen Prinzips der HT-Behandlung sowie mit einer Literaturiibersicht
zu bereits verwendeten und neu vorgeschlagenen EM-Technologien fiir nicht-
invasive HT-Anwendungen. Diese schliesst auch Niederfrequenzmethoden,
Phased-Array-Antennen (HF) und einige alternative Ansitze mit ein. Die
abschliessende Studie (Kapitel 10) beschreibt den Entwurf eines neuartigen
HT-Applikators, der auf einem Phased-Array aus Schlitzantennen basiert
und fiir die Behandlung von Tumoren im Kopf- und Halsbereich entwickelt
wurde. Der Entwurf des Antennenarrays und die Optimierung der Lage des
Patienten an Hand der Position des Tumors wird beschrieben, da ein Ergeb-
nis der Studie war, dass die Lage des Korpers fiir die optimierte Anwendung
entscheidend ist - ein Ergebnis, das in vorangegangenen Studien {ibersehen
wurde. Das Modell eines realen Patienten wird mit diesem Applikator in
optimierter Lage getestet, und die Ergebnisse zeigen, dass mehr als 90 %
des Tumors mit ausreichender Belastung durch elektromagnetische Felder
bestrahlt werden kann, ohne dass es zu Hotspots ausserhalb der Zielregion
kommt. Dieser Applikator hat massgebliche Vorteile gegeniiber anderen
aktuellen Prototypen, die derzeit in klinischen Tests untersucht werden.

Diese Ergebnisse bilden die Basis eines Behandlungsansatzes, der zur
Zeit beim ERASMUS MC Zentrum fiir Onkologie in Rotterdam verwen-
det wird. Dariiberhinaus dienen sie als Beitrag zur Entwicklung der Folge-
generation von Applikatoren, die im Jahre 2014 an der Universitit Ziirich
verwendet werden wird.
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Chapter 1

Objectives and Overviews

1.1 Objectives and Methods

Prior to joining the IT’IS Foundation, I worked for an antenna company,
developing antennas for handheld devices. My main experience and re-
search interests were body-mounted antennas, and I became frustrated with
the general performance of antennas integrated in handsets and also with
the lack of knowledge available for the optimization of such antennas. Con-
sequently, in April 2007 I joined the IT’IS Foundation, already recognized
as a leading research group in this field, as a Ph.D. student. At that time,
the main open research questions related to body-mounted antennas were 1)
the effect of the hand on handset antenna performance and 2) the optimiza-
tion of antenna arrays for hyperthermia (HT). As the IT’IS Foundation had
recently begun to be active in the field of hyperthermia applicators and treat-
ment planning tools, I decided to tackle both problems for my PhD studies,
which resulted in the following main objectives:

* To close the knowledge gaps regarding the effects of the user’s hand
on mobile phone antenna performance and the specific absorption rate
(SAR) in the user’s head and hand. As this issue had not been studied
comprehensively before, the results of the investigation would pro-
vide important insight for antenna engineers and also for the product
standards (compliance testing with electromagnetic (EM) safety lim-
its and over-the-air (OTA) performance evaluations). The research

1



2 CHAPTER 1. OBJECTIVES AND OVERVIEWS

included the following three studies:

— systematic evaluation and weighting of the hand parameters that
affect OTA performance;

— assessment and quantification of the presence of the hand on the
exposure of the head;

— investigation of the absorption mechanism in the hand and pro-
posals for conservative methodology for demonstrating compli-
ance of the induced SAR values in the hand with safety limits.

» To investigate optimized antenna configurations for non-invasive HT
treatment. The research was divided into the following subparts:

— a comprehensive review of HT applicators;

— development of a novel HT applicator design for the head and
neck region;

— evaluation of the effects of optimized patient positioning on treat-
ment efficacy.

Fundamental to the success of my PhD studies were the methods and tools
available at the ETH and the IT’IS Foundation. The primary tool used in my
studies and to which I was able to contribute some novel features (not part of
this thesis) was SEMCAD X. This was jointly developed by the I'T’IS Foun-
dation and Schmid & Partner Engineering AG (Zurich, Switzerland) and
commercialized by the latter. The SEMCAD X radiofrequency (RF) solver
is a highly optimized implementation of the Yee algorithm [19] heavily ac-
celerated on graphics processing units (GPUs) (also pioneered by SEMCAD
X). SEMCAD X has proven to be a very effective simulation package for
the design and evaluation of body-mounted transmitters. Furthermore, the
tool is fully compatible for simulations with the Virtual Population of the
IT’IS Foundation, today’s quasi-standard for anatomical models. For exper-
imental validation, I was able to rely on the advanced near-field laboratory
at the I'T’IS Foundation, which comprises RF chambers and state-of-the-art
analysis instrumentation, including several DASY52 NEO and iSAR sys-
tems.
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1.2 Overview Chapter

My PhD studies are described in the following, subdivided into two parts:

e Part I

Chapter 2 reviews the basic mechanisms of interactions between
a user’s hand and an antenna.

Chapter 3 is a review of the literature regarding hand effects on
mobile phone antenna performance.

Chapter 4 studies the effect of the user’s hand on mobile phone
antenna performance, with different types of mobile phones con-
sidered.

Chapter 5 investigates the effect of the user’s hand on SAR in
the head. The objectives were to investigate scenarios and assess
levels of SAR increase due to the presence of the user’s hand.

Chapter 6 fills the knowledge gap regarding the exposure of the
hand holding a mobile phone: mechanisms of SAR coupling to
the hand are analyzed, the maximum SAR envelope is deter-
mined, and potential methodologies for demonstration of com-
pliance are investigated.

Chapter 7 summarizes the studies on interactions between the
user’s hand and mobile phone antennas.

e Part II

Chapter 8 introduces HT treatment and discusses the rationale
for conducting HT treatment, including the results of biological
studies and clinical trials.

Chapter 9 is a literature review of HT technology based on non-
invasive EM power, including the introduction of proposed ap-
plicator designs, the algorithms used to optimize the magnitude
and phase of each antenna for a given target, and discussion of
various general topics.

Chapter 10 proposes a novel design for a HT applicator for tu-
mors of the head and neck region, based on an antenna array;
the investigation includes the single-element and array design,
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as well as the optimization of patient positioning in the applica-
tor for tumors at different locations.

— Chapter 11 summarizes the studies on HT treatment with non-
invasive EM power.
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Part I

EM Interaction Between the
User Hand and the Mobile
Phone Antenna






Chapter 2

Introduction to the Hand
Effects Studies

Effects of high dielectric permittivity and lossy or dissipative (high dielec-
tric constant and Joule losses or loss tangent) medium (DLM) on antennas
have been studied for decades for scientific, technical and medical applica-
tions. It is well known that DLM, such as human tissue or sea water, can
significantly affect antenna performance and behavior by its proximity [1].
The background and basic physics of the hand effects studies conducted for
this thesis are introduced in this chapter. Simple scenarios are used to il-
lustrate the change of antenna performance due to the presence of DLM.
The findings in the simple scenarios are applied to explain the mechanisms
of hand-antenna interaction. The current RF safety standards regarding the
hands of cell phone users are also discussed as the studies presented herein
aim at filling the knowledge gaps in these standards. Finally, an outline
of the studies on human hand exposure to RF energy from cell phones is
presented at the end of this chapter.

2.1 Antennas in the Proximity of DLM

If an antenna is immersed into DLM without insulation, RF conduction and
displacement currents excited by the antenna flow into the material. The
power loss due to the current flow is much higher compared to that of an

9
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insulated antenna [1, 21]. This feature has been commonly used for therapy
by RF ablation. In addition, the input impedance of the antenna is sensi-
tive to the medium characteristics due to direct contact. This sensitivity is
suitable for probing material properties [1]. However, the power loss due
to the direct contact is not desirable in most applications related to com-
munication, such as antennas on a submarine, biometry or mobile phones.
The radiation efficiency can be significantly improved if the antenna is in-
sulated from DLM. Thus, the performance of insulated antennas in DLM is
analyzed in following sections.

When a linear or loop antenna is placed parallel to and at a short dis-
tance from a planar slab of DLM, most power is radiated into the DLM
[22, 23]. As reported by Smith et al., this has been widely applied in ground
penetrating radar to increase the antenna directivity. In addition, the in-
put impedance also varies with the presence of DLM. If the distance is
shorter than a quarter-wavelength, both resistance and reactance of a half-
wavelength dipole antenna increase with DLM’s proximity [24].

The interaction mechanism between a linear antenna and DLM can be
illustrated by the case of a linear antenna in an eccentric insulation, whose
theory was developed by King et al. [26, 27, 28]. The geometry is shown in
Figure 2.1. Material properties in regions 1 and 2 are set as air and DLM,
respectively.

H
:| region 1 asiaii
H

H
antenna EEoas
H

(b)

Figure 2.1: The (a) transverse and (b) axial view of a linear antenna with
radius a coated with DLM (region 2) [27].

The current distribution on the insulated antenna behaves like that of a
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lossy transmission line [26, 29]. The values a and b in Figure 2.1 are the in-
ner and outer radius of the equivalent eccentric coaxial cable, respectively.
Unlike a regular coaxial cable, the current on the DLM is displacement cur-
rent instead of conduction current as illustrated in Figure 2.2(a) [28]. The
wave travels along the antenna with great attenuation due to the power ra-
diated into region 2. The phenomenon can be observed in the distribution
of the Poynting vector, as seen in Figure 2.2(b). This is a section of a half-
wavelength dipole antenna buried in a borehole of DLM, so it behaves like
two quarter-wavelength open-end transmission lines. In region 1, the power
flows in the axial direction as a standing wave of an open-end transmission
line. In region 2, the Poynting vectors point in the radial direction as the
power radiates out in this region, so the insulation of the antenna from the
DLM enhances the radiation.
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Figure 2.2: (a) An antenna with an insulation layer immersed in a dissipative
high dielectric constant behaves like a transmission line because the DLM
acts as the outer conductor with displacement current induced on its surface
[28]. (b) The distribution of the Poynting vector shows that the wave travels
mainly in the axial direction in region 1 as a transmission line, but radiates
in the radial direction in region 2.

The propagation constant of this equivalent coaxial transmission line can
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be derived as follows [27]
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where H,(,p is the Hankel function of the first kind of order m.

Figure 2.3 shows the propagation constant (« and /3, as defined in Equa-
tion 2.1) of the transmission line with different D, values while D5 is
0.5 cm'. The phase constant is normalized to that in region 1. If D; is
smaller than 3 cm, the transmission line has high attenuation and phase ve-
locity. The near-field in this case becomes significantly different from that in
free space or with planar medium, which leads to different impedance lev-
els. Moreover, the characteristic impedance of the equivalent transmission
line is lower than that in free space. Thus, the H-field around the antenna
insulated in region 1 is higher than that without DLM.

'The D5 value and D range chosen here are typical values for the palm-phone and phone-
head distance, respectively.
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Figure 2.3: The (a) attenuation constant («) and (b) phase constant (3) in
Equation 2.1 with different D;. The phase constant is normalized to that in
region 1 (see Figure 2.1). (D2 =0.5cm, a =0.1 cm, £, =40, 05 =1 S/m,
900 MHz)

The eccentricity can also distort the radiation pattern of the antenna [28,
30]. As shown in Figure 2.4, the directivity on the D side is higher with
larger b. A linear antenna above planar DLM is a special case of eccentric
insulation with an infinite ratio between Dy and Dy. As discussed above,
the antenna has higher directivity if it is closer to the DLM slab. Thus, the
radiation pattern can be controlled by D1 and D5, which can be applied in
geophysical probing [30].

This part of the thesis summarizes the studies on the effects of the human
hand on the performance of mobile phone antennas. The phenomena about
the proximity of DLM reviewed in this section will therefore be applied to
analyze the mechanisms of the hand-antenna interaction.

2.2 Presence of a User’s Hand

During a voice call, a mobile phone is held by the user’s hand next to the
side of the head as in the talk mode seen in Figure 2.5. The hand and head
are therefore typically in the reactive near field of the antenna and can signif-
icantly influence the radiation pattern, radiated efficiency, RF current cou-
pling within the device and antenna impedance. Human tissues (skin, mus-
cle, bone, etc.) are lossy dielectric materials at mobile phone frequencies
[31, 32] and therefore absorb power from the antenna.

The effects of user’s head have been widely studied in terms of both an-
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Figure 2.4: The radiation patterns of the antenna in Figure 2.1 for different
values of radius b [27] [28]. (6 is the loss tangent angle of the material in
region 2.)

Figure 2.5: The influence of a user’s hand on the mobile phone antenna
performance is mainly evaluated in the talk mode

tenna performance and Specific Absorption Rate (SAR) [33, 34, 35, 36, 37].
Compared to the head, a user’s hand may have a more pronounced influence
and it is a non-trivial topic for the following reasons. Firstly, a human hand
has a much more complex geometry than the head. Secondly, a hand can be
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in different positions with different grips, so the influence variation is much
greater than that of the head. Finally, establishing a standard procedure and
hand phantom for evaluating hand effects needs to consider various issues,
such as meaningful positioning, definitions of hand grip and dimensions,
and feasibility and repeatability of measurements.

The scenario in Figure 2.1 can be treated as a simplification of a mobile
phone (dipole antenna) being held by a hand next to the head (DLM) with
head-phone distance D and palm-phone distance D;. According to the
study above, the presence of a hand can alter antenna performance in terms
of input impedance, near-field distribution and far-field pattern. A decrease
in palm-phone distance (D-) can increase the loss in the hand and head [27]
and attract more power radiating towards the hand. Figure 2.3 shows that
kr, is not sensitive to the distance when it is longer than 3 cm. This indicates
that part of the hand, such as the palm, has little influence on the near-field
when it is more than 3 cm far from the antenna at 900 MHz. When a mobile
phone is held by a hand, the hand only partially covers the mobile phone. As
mentioned above, significant mismatch occurs between the fields with and
without cover by the hand. Thus, if the coverage includes the feeding point
of the mobile phone, the power generated from the feeding point would be
confined under the hand.

When part of a hand, such as a finger tip, is very close to the antenna,
the disturbance of the EM field due to the hand can be interpreted with
the concept of a quasi-static field. This concept was proposed by Kuster
et al. for explaining the mechanisms of SAR distribution in a head next
to a mobile phone [38, 39]. If the E-field is higher than the H-field, the
hand would cause more field distortion than power absorption due to high
permittivity in the hand. On the contrary, quasi-static H-field distribution is
not disturbed by the hand considerably, so a high H-field can lead to high
power absorption because of the conduction current induced in the hand. It
is well known that the proximity of DLM can lower the quality factor of the
antenna because the stored magnetic energy in the hand is converted into
power loss. Besides, the antenna is virtually larger by the combination of
the conducting current on the antenna and the displacement current induced
on the hand. An increase in antenna size usually leads to a decrease in the
quality factor.

Although the simple scenario explains the basic mechanisms, an over-
simplified scenario does not provide accurate estimation. In addition, the
semi-3D scenario may not reveal all the phenomena occurring in the real
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world. For that reason, many studies, including the studies in this thesis,
investigate human body and hand effects on mobile phone antennas by nu-
merical and experimental methods.

2.3 Status of the Effects of a User’s Hand in the
Product Standards

2.3.1 Mobile Phone Antenna Performance

Over-the-air (OTA) performance of mobile phones is determined by mea-
suring the radiated 3D RF power and receiver performance in an anechoic
chamber while the phone is placed with or without a Specific Anthropomor-
phic Mannequin (SAM) head filled with head simulation liquids in touch
position. The results of the tests are summarized in two single values of
merit referenced as Total Radiation Power (TRP) and Total Isotropic Sensi-
tivity (TIS) that aim to provide a quantification for the performance of the
phone in real-world usage conditions [12].

In April 2009, hand phantoms were released for an OTA test plan for
certification of mobile telephones, developed by the CTIA [12], as shown in
Figure 2.6. User studies were conducted in this standard in order to define
four different hand grips representing the majority of devices, depending
on the device width, form factor and usage mode [40]>. One grip and one
position are defined for the measurement of each mobile phone. The hand
phantoms have homogeneous dielectric properties representing the param-
eters of a dry palm [41]. The hand models include a spacer for accurate
mobile phone positioning. The spacer is made of low loss and low permit-
tivity material so as to be non-perturbing to the fields around the antenna.

2.3.2 Safety Concerns

Regarding exposure and health issues, one quantity of importance related
to the absorbed power is the Specific Absorption Rate (SAR), and SAR
limits are established in international exposure standards for the whole-body
averaged SAR and peak spatial-averaged SAR (psSAR) averaged over 1 g or

2This hand model is for testing mobile phones whose width is between 56 and 72 mm.
Mobile devices wider than 72 mm are not considered in the current version of the standard.
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() (b) (© (d)

Figure 2.6: The CTIA-defined anthropomorphic hand phantoms for (a) can-
dybar style, (b) clam-shell style and (c) wide mobile phones (like PDAs) in
talk mode. (d) is a model also developed for data mode. The spacer attached
on the palm is for phone positioning.

10 g of tissue [42, 43, 44]. Measurement standards and national regulations
have been established to evaluate the psSAR in the user when using a mobile
phone so that compliance with the exposure standards can be demonstrated
[15, 14, 45].

These measurement standards do not specify the use of a hand model
when measuring the SAR in the head because previous studies cited by the
standards concluded that the SAR in the head is generally reduced when
the hand is introduced [46, 47, 48, 49, 50]. A 1995 paper by Balzano et
al. reported that the change in psSAR in the head due to the hand was neg-
ligible for large phones having sleeve dipole antennas and 10-30% lower
for flip phones if the palm is in direct contact with the case [46]. A 1996
study by Meier with real hands and four mobile phones at 900 MHz and
1800 MHz showed that the psSAR in the head typically dropped signifi-
cantly [47]. psSAR increases in the head above the measurement uncer-
tainty were not observed. Measurements were limited to three fixed hand
positions. A study by Kuster ef al. in 1997 of twenty mobile phones came
to the same conclusions [48]. A numerical study by Meyer ef al. in 2001
with two simplified mobile phone models found an increase in psSAR in the
head in one of the two cases of only 7% [49]. In the same year, Francavilla et
al. simulated a mobile phone with a monopole antenna and a magnetic res-
onance (MR) image based anatomical hand model, and the study concluded
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that head SAR is not changed considerably by a user’s hand [51].

However, recent studies have found cases where the hand can signifi-
cantly increase the psSAR in the user [52, 42]. Using anthropometric hand
models, a study of body-worn devices by Francavilla and Schiavoni found
that the psSAR in the body can increase by between 30% and 40% when
the user’s hand is holding the mobile phone [52]. Measurements were made
on four mobile phones, and simulations were conducted on simplified mo-
bile phone models with helical or whip antennas. In addition, it was found
that head-SAR variation due to hand position is considerable [53, 54]. The
variation could be up to 40% and 85% when the antenna is at the top and
bottom, respectively [55].

Since the publication of these studies, several technological changes
have taken place. Mobile phones have become smaller and antenna de-
signs and locations have changed. Improvements in simulation tools and
measurement systems have also been developed. The integration of CAD
modeling of human anatomy into simulation tools and advanced algorithms
for posing the anatomy have made it possible to study the influence of dif-
ferent hand grips [17]. The significant progress of computational tools and
dramatic increase in processor speed have made it possible to simulate large
parameter sets in a reasonable time. The development of fast SAR measure-
ment systems has made it possible to measure large sample sizes of mobile
phones [56]. Additionally, standardized hand phantoms have recently be-
come available. The phantoms represent average hands for radio-frequency
analysis of mobile phone performance. The same rationale applies to SAR
measurement as to OTA performance testing.

Regarding the exposure in the hand, the peak spatial specific absorp-
tion rate (psSAR) averaged over any 10 g of tissues (psSAR10g) is limited
to 4 W/kg for general public exposure of a person’s hands [43, 44]. A stan-
dardized test method has recently been defined in IEC 62209-2 [15] for eval-
uating compliance with this limit in a user’s hand holding a wireless device.
The test method calls for measurements in a well-defined flat phantom. The
flat phantom is filled with a homogeneous liquid to allow for scanning of the
electric field probe. The dielectric parameters of the liquid are standardized
to ensure that the psSAR in the phantom is conservative compared to that
in a person [15]. Several aspects of the measurement standard are chosen to
ensure low measurement uncertainty. Measurements in a hand model are not
recommended because the electric field probe is large compared to the fin-
ger dimensions, resulting in higher measurement uncertainty due to bound-
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ary effects and insufficient volume of material in the measurement region
[15]. The standard document acknowledges that the use of a flat phantom
to represent a conservative exposure of psSAR in the hand lacks supporting
data, and our initial simulations of psSAR10g in anatomical hand models
found that, in some cases, the flat phantom can underestimate the SAR in
the hand.

2.4 Hand Studies in this Thesis

The studies conducted in this thesis regarding hand effects include:

* Review of studies of hand effects: This review starts by introducing
the hand models used in these papers. The hand effects on mobile
phone antenna performance are thoroughly reviewed. In addition,
other scenarios and solutions for suppressing the hand effect are also
introduced.

* Hand effects in OTA performance: A comprehensive study is carried
out in this thesis to evaluate the effects of different parameters of a
hand phantom such as homogeneity, material, hand dimensions, hand
positions and hand grip, etc. Hand models have now been included in
the current version of the standard for antenna performance measure-
ment (Figure 2.6, [12]), and this study serves as a knowledge database
for the standard during the development of the hand phantoms.

* Hand effects in head SAR: This study is an investigation of the in-
fluence of the user’s hand on the radiated performance of a mobile
phone, psSAR averaged over 1 g and 10 g in the head of the user. Re-
cent papers have found that the psSAR in the head can be increased by
the presence of the hand in some cases. The study in this thesis quan-
tifies and analyzes the mechanism of the SAR increase in the head
due to the hand, and it shows that the current measurement method
may not be conservative.

 Estimation of hand SAR: The absorption of electromagnetic fields in
the hand is investigated over the 900 to 3700 MHz frequency range.
This enables the determination of the envelope of the psSAR in the
hand. It also provides a basis for deriving measurement procedures
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for evaluating compliance of wireless devices with SAR limits in the
hands. Both plane waves and dipole antennas are used to investigate
the patterns of RF absorption in hand and finger tissue models for

far-field and near-field exposures>.

3 Although this thesis focuses on on-the-body operation, the analysis of SAR distribution
illuminated by plane waves is very helpful in gaining physical insight of the absorption mech-
anisms.



Chapter 3

Literature Review of Hand
Effects

The objective of this chapter is to provide a comprehensive literature review
of studies of hand effects on mobile phone antenna. The performance of
a mobile phone antenna is evaluated in terms of radiation and power ab-
sorption by human tissues. This review mainly focuses on studies about
hand effects on radiation performance, as only limited papers exist report-
ing hand effects on safety compliance. Since analytical (or semi-analytical)
approaches are limited by modeling complexity, most studies in this topic
are conducted with numerical or experimental methods.

The geometrical complexity of the human hand requires various hand
models to be used, so the hand models used in these studies are discussed
firstly. The most common scenario of using a mobile phone is being held by
a hand in talking position while the mobile phone is operated in the GSM
system (Global System for Mobile Communication). Thus, the findings of
the studies in this scenario are summarized and organized in terms of the
parameters of antenna performance and geometry. Finally, it is now known
that the hand can significantly degrade antenna performance. Some solu-
tions have been proposed to reduce this degradation, which are included in
this review.

21
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3.1 The Hand Models for Evaluating Hand Ef-
fects

Real human hands are a common choice for measurement studies [57, 58,
59]. Although measurement with real human hands provides a realistic es-
timation of hand effects, the uncertainty of hand position and grip remains
a challenge of this method.

Regarding simulation, simple hand models were used in many papers
[60, 61, 62, 63, 64, 65, 54]. The typical geometry of a simple hand model
is shown in Figure 3.1(a), which uses bricks to represent palm, thumb and
fingers. The obvious disadvantage of a simple model is that it may not pre-
cisely reflect the effects of a real hand. For example, the variety of finger
positions cannot be represented with a simple hand model. Thus, the estima-
tion of input impedance and near-field absorption is not as accurate as using
a realistic hand model. However, a simple model also has some advantages.
Compared to the computer-aided design (CAD) file of an anatomical hand,
it is much easier to define and model, so it is more reproducible and suitable
for a parametric study. One of the studies in this thesis used simple hand
models to investigate the hand effect at all possible hand positions on dif-
ferent mobile phone models. Also, the computational resources required for
simulation using a simple hand model are less expensive.
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Figure 3.1: Different types of hand phantom used in hand-effect studies:
(a) simple hand model [63], (b) semi-realistic hand model [66], (c) realistic
hand model [67] and (d) the hand model defined in CTIA [12].

Realistic hand models, as seen in Figure 3.1(c) [67], are now widely
used in simulation to obtain a more reasonable estimation of hand effects
than from a simple hand model [12, 68, 69, 70, 71, 72, 67]. Both homo-
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geneous and inhomogeneous materials are used for this type of phantom.
In addition, an anatomical hand model based on MR images has also been
used to simulate hand effects [51]. The material properties of an anatom-
ical hand or a homogeneous hand phantom can be obtained in Gabriel’s
database [31, 32, 41]. Homogeneity is one important issue when using a
realistic hand model, which is included in one of the studies in this thesis.
A semi-realistic hand model, as seen in Figure 3.1(b), was proposed as a
compromise between a realistic and a simple hand phantom [55, 66].

CTIA have defined a realistic, homogeneous hand model as the standard
hand phantom for OTA performance measurement to evaluate the influence
of a hand (Figure 3.1(d)). Recent studies about mobile antenna design have
thus started to use the CTIA hand model [73, 74, 75]. The parameters re-
quired to define a standard hand phantom include dimensions, position, grip
and material. The dimensions of the hand phantoms are average values of
the 50th percentile sizes for men and women, taken from [76, 77, 78, 79].
The grip and position of the hand is of greatest importance. Many studies
reviewed in this chapter, including the one conducted in this thesis, have
demonstrated that different positioning of hand phantoms induces signifi-
cantly different antenna performance. The studies in [11, 58] emphasized
that multiple hand positions are required to represent the hand effect, so
standardization of a hand phantom is difficult. Moreover, [59] concluded
that it is difficult to develop a hand phantom suitable for all commercial
mobile phones, and measurement with a hand phantom also increases un-
certainty. [58] mentioned that homogeneous hand phantoms can represent
real humans in terms of loss, but phantom positioning is critical. In any
case, it is clear that inclusion of a hand in evaluating antenna performance
is necessary [50].

A study regarding hand grip statistics shows that the majority of users
have their thumb and fingers on the side faces [11]. However, the human
factor studies in [40] and [80] concluded that the most common position of
the index finger is actually on the back of the mobile phone for pressing the
loud speaker', and that makes the index finger much closer to the mobile
phone antenna in many cases.

I'This conclusion is also consistent to that from the hand-grip study conducted in CTIA.
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3.2 Hand Effects in Talk Mode

A user’s hand can affect the radiation performance in terms of input impedance
(mismatch), radiation efficiency and radiation pattern. Nowadays, the most
common usage of a wireless device in the vicinity of a human body is talking
on a mobile phone operated in the GSM900 (880-960 MHz) and GSM 1800
(1710-1880 MHz) bands. Studies in this scenario are reviewed in this sec-
tion, and organized in two aspects;

* The influences of a user’s hand on different parameters of the antenna
performance, such as mismatch loss and radiation efficiency.

* How different geometrical parameters affect the antenna performance,
such as hand position, mobile phone types and their antenna designs.

However, it will be shown that there is no clear and consistant conclusion
made among those studies. This indicates the complexity of this topic and
importance of the studies in this thesis.

3.2.1 Parameters of Antenna Performance

As discussed in the previous chapter, when a linear antenna is close to pla-
nar DLM, the directivity of the antenna on the DLM side could be much
higher than that on the free-space side. Thus, the radiation efficiency of the
antenna may be lower than 50% while DLM only occupies half space. It
was reported that a 900 MHz dipole antenna has only 15% efficiency when
it is 6 mm away from a human body [81].

Using a mobile phone in the real world is a much more complex sce-
nario; the near-field distribution varies with different types of mobile phones
and antenna design. The head is neither planar nor spherical. More impor-
tant, the hand only partially covers the mobile phone with numerous hand
and finger positions. For a mobile phone with a monopole antenna, half
the power was found to be absorbed by the head and hand [62]. A simi-
lar conclusion was confirmed by [63]: the head and hand absorbed 48-68%
of power from a monopole antenna and different configurations of planar
inverted-F antenna (PIFA). In this case, the hand not only absorbs power but
may also increase the power absorption in the head by confining the fields
under the hand. This implies that the hand effects with hand-only would
be milder than that with head-and-hand. It has been suggested that a user’s
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hand should be away from a PIFA as the human body could decrease radia-
tion efficiency by about 50% [82, 83].

When a whip (monopole) antenna is used at 900 MHz, a study with
random field measurement (RFM) showed that the inclination angle of the
terminal and protrude length of the antenna by users are responsible for the
performance variation among users [84]. At GSM900, a measurement study
with 15 users using helix, clamshell with helix and PIFA showed 3-8% ef-
ficiency remained mainly because of absorption loss [58]. According to
the measurement results, body loss is about 9 dB, 12 dB and 15 dB for a
PIFA, monopole and helical antenna, respectively [58]. Another measure-
ment study at GSM1800 with 44 people revealed 3.4 dB and 9.7 dB ab-
sorption loss for patch and helical antenna, respectively [57]. A RFM study
was conducted to investigate the influence of the human body on the RF
signal strength received [85]. The hand effect on transmitted power may not
be the same as that on received power as the distribution of signal strength
varies with scattering environment. The measurement results concluded that
people with a larger hand and body have a stronger influence.

The hand effect on input impedance of a dual-band PIFA was thoroughly
analyzed by Boyle et al. in [65]. As seen in Figure 3.2, a simple hand model
with an index finger was applied. The variables were vertical movement of
the hand (dy) and horizontal movement of the index finger (Sr). The input
impedance of the PIFA is basically decomposed into two parts; the funda-
mental impedance models the behavior of the antenna without the slot, and
the slot is equivalent to a parallel L-C circuit. The resonant(antiresonant)
frequency due to the fundamental impedance(the slot) is between GSM900
and GSM 1800 bands, which results in two bands matched at GSM900 and
GSM 1800 bands respectively?. The investigation in [65] can be summarized
as follows: firstly, a user’s hand causes the fundamental impedance more re-
sistive and inductive. Only an index finger can change input impedance as
much as when the entire antenna is covered. Secondly, proximity of the hand
turns the slot on the PIFA from a parallel L-C circuit into L-C-R, and the
antiresonance is moved from between GSM900 and GSM1800 to a lower
frequency. The movement may induce large mismatch in GSM900 (so the
quality factor at this band may be even larger than that without the hand).
The measurement study in [11] with different designs of PIFAs confirmed

2More details of the analysis can be found in [65] and its related works, which are excellent
works thoroughly analyzing the behavior of a dual-band PIFA.
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this conclusion. In the GSM900 band, the hand causes lossy inductive load
to input impedance, but the hand effects could be diverse in the GSM1800
band with different antenna designs.
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Figure 3.2: The phone and hand model used in [65] for studying the effect
of the hand in input impedance.

Regarding mismatch loss, different studies could produce various re-
sults because of different antenna designs. Resonance shift of a monopole
antenna was observed due to inductive loading from a hand [62]. Note that
the inductive loading causes a shift of input impedance toward a lower fre-
quency, but the variation of input impedance is not necessary to be induc-
tive as well. When the antenna is operated close to antiresonance, which is
commonly observed in a PIFA design for a commercial mobile phone, the
influence of a hand may be inductive or capacitive on input impedance. The
simulation results in [63] showed the presence of a hand has little influence
on mismatch of a monopole antenna, but it has significant influence on a
low-profile antenna, like a PIFA, when it is covered by the hand. This is be-
cause the monopole antenna is an external antenna which is not covered by
the hand in a common grip, but a part of the hand, such as the index finger,
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may easily cover an internal low-profile antenna design. Severe detuning
occurs when the index finger touches a helical antenna on a clamshell mo-
bile phone (from 12 dB to 3 dB in return loss, [67]). A similar message was
also sent from [55, 65] with a PIFA. Stronger detuning occurs when a PIFA
is at the bottom [69]. Mismatch influence of less than 2 dB by a user was
reported in a big measurement study at GSM1800 (44 people)[57]. In the
chapter about hand effects on OTA performance in this thesis, variation of
input impedance of a PIFA due to different touch positions by a index finger
is analyzed in more detail.

Compared to mismatch loss and the distortion of the radiation pattern,
absorption loss is considered as the most important issue of human body
effects [69, 67, 55, 57].

3.2.2 Geometrical Parameters

Small phone size not only makes the antenna but also the chassis (the ground
plane or main printed circuit board (PCB) of the mobile phone) and other
metal parts of the phone contribute to radiation. For this reason, the position
and grip of a user’s hand become more important in altering antenna per-
formance of a small mobile phone. The chassis of a mobile phone could be
close to or in resonance (especially in GSM900). The chassis then becomes
the main radiator and the antenna acts as a resonator for impedance match-
ing [86]. Consequently, it is not surprising to find that loss at 900 MHz is
more dependent on hand positions than at 1800 MHz (if the antenna is not
covered) [58]. Several measurement studies came to similar conclusions.
Hand positions and grip are responsible for the large TRP variation among
13 users and anatomical difference contributes a minor effect. The standard
deviation is 3 dB and the difference between minimum and maximum TRP
is 8 dB [59, 87]. Compared to the phone-head angle and distance, hand po-
sitioning is the main reason for efficiency variation with patch and helix in
GSM1800 [88].

As mentioned previously, a small palm-phone distance can cause more
loss [69]. Several dB decrease in efficiency due to different palm-phone
distances was reported in [54]. It is common to place the index finger on the
back of the phone in talk mode, just where the antenna is placed in many
candy-bar mobile phones. When the index finger is above the antenna, the
influence can be severe (50% of power absorbed by the index finger) and
hard to estimate (up to 3 dB variation due to different finger positions) [69].
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In fact, the study conducted in this thesis shows the variation could be even
higher than 3 dB with a small shift of the index finger position. For a natural
grip, the remainder of the fingers and the thumb are placed according to
the hand position and palm-phone distance, which are usually on the side
faces of a mobile phone. Thus, the positioning of these fingers is considered
to be less important. In the RFM study mentioned above [85], the hand’s
proximity to the feed point has significant influence on the receiving RF
signal strength, regardless of body size.

In a long mobile phone, such as a clamshell type, hand positions induce
more variation in total efficiency than candy-bar phones [53], but the hand
causes more loss on a smaller mobile phone [88, 69]. An internal antenna
is usually more sensitive to hand positions than an external antenna as an
internal antenna can easily be covered by a user’s hand [55]. A PIFA was
reported as having better performance regarding interaction to the hand and
head than a helical antenna in some studies [11, 88, 83, 58]. Placing a
PIFA at the back, away from the user, would cause less body loss [63].
Nevertheless, a helix was also found to perform better than a PIFA when
considering the hand only [83].

With respect to operation frequency bands, a mobile phone usually has
different human body interaction between GSM900 and GSM1800. It has
been shown that mobile phones in GSM900 are about 3 dB worse than
GSM1800 in body loss (PIFA, helix, clamshell with helix), but GSM 1800
has more loss in the hand (slightly more than half of the total loss in GSM900,
twice more than the head in GSM1800) [58]. In GSM 1800, as it has a more
complex near-field distribution than GSM900, a bigger variation of mis-
match efficiency was found due to hand positions and grip [58]. According
to this paper, the total efficiency was -13.3 dB and -11.2 dB for GSM900 and
GSM 1800, respectively, and influence on mismatch in GSM900 was more
pronounced than that in GSM1800. Antenna performance at 900 MHz is
sensitive to hand positions on the phone, and would be more sensitive at
1800 MHz if the hand covers the antenna [54]. The hand effect in mismatch
is different in different papers as it depends on mobile phone and antenna
designs. If the antenna is not covered by the hand or the index finger in
common hand positions and grips, mismatch in GSM1800 is influenced less
than in GSM900.

The conclusions made by the studies reviewed above are varied and are
even opposite in some cases, which conveys the complexity of this topic.
The key issues of the variation include both the mobile phones and the
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hands. The mobile phone industry has experienced very fast development,
which results in continuous change of mobile phone design, such as dimen-
sion, geometry and antenna design. Moreover, due to extreme proximity of
the user’s hand, various hand models, positions and grips used in those stud-
ies lead to different results. The study in this thesis focuses on the influence
of different parameters of the hand model.

3.3 Solutions for Suppressing Hand Effects

An early design showed that at 150 MHz the vicinity of the human body
to a business portable radio can alter the impedance matching of its helical
antenna [89]. The mismatch loss can be adjusted by changing the capacitors
in the matching network. The adjustment is based on body-device distance
sensed in real time and simulation results obtained beforehand. However,
the situation is challenging in mobile phone antennas because of the higher
frequency and smaller devices. A higher operating frequency makes the
user’s hand electrically larger so that the influence on antenna performance
is more considerable. Smaller devices lead to more compact and complex
antenna designs, which are usually sensitive to changes in their vicinity.

If a hand holds only the chassis part of a mobile phone without covering
the antenna, a balanced antenna design can suppress the hand effects [90].
A balanced antenna, such as a half-wavelength monopole antenna or the
folded antenna in [90], does not depend on the chassis in radiation, so the
influence from the hand is minimized. Moreover, the current on an antenna
can be blocked from the chassis by adding a choke [50]. Studies show that
a choke not only decreases the power absorbed by the hand (about 50%)
but also reduces the SAR in the head. In addition, some modification to the
chassis can also mitigate hand effects. For example, adding a floating metal
strip next to the chassis as a reflector in Uda-Yagi antenna can prevent the
fields in the direction of the strip side [91]. Moreover, a practical design
proposed by Kim et al. cancels the current on the chassis by two extending
strips, as seen in Figure 3.3 [92, 93]. The two strips are folded, and the
field is constrained between each strip and the chassis instead of dissipating
in the hand. As mentioned in previous sections, antenna performance can
be greatly varied by different hand positions. A sensor was proposed in
[94] to detect the hand position. Two electrodes are placed on the chassis
(or on antenna), and the hand position can be recognized by reading the
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capacitance variation between the electrodes.
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Figure 3.3: The two strips (wings) are added to the chassis to reduce hand
effects [92].

There are also some solutions to improve the mismatch loss due to the
hand in this situation. As reviewed above, slots on a PIFA are known as the
most sensitive part of the antenna with respect to vicinity of a hand in terms
of mismatch because of a strong reactive E- and H-field [65], so removing
the slot from a PIFA design is considered a solution against the hand effect
on mismatch. Using lumped elements to replace the slot has been shown to
be useful [65]. A similar idea was also proposed by the same author [95].
Two single-band antennas without slots are designed for the transmission
and receiving band, respectively. They are placed next to each other and
use an active circuit to switch between two antennas. Moreover, if a PIFA
has multiple slots, Boyle et al. reported that it would also perform slightly
better than a regular single-slot design against hand effects because of the
lower E- and H-field on each slot [11]. A small antenna has been suggested
to reduce the chance of being covered by the index finger [70]. This study
also showed that placing superstrate on a PIFA can improve the mismatch
loss caused by the hand.

Before technology of multiple-input and multiple-output (MIMO) re-
ceives wide attention, multi-antenna operation has been proposed as an ap-
proach to suppress hand effects [96]. Two antennas are placed far from each
other, and the one with the higher RF signal received becomes the active
antenna®. This idea can be well implemented in MIMO communication.
The element that has the best performance (not covered by the hand) can be
used in communication [97]. Choosing two out of four elements to conduct

3This is similar with the selection combining method in MIMO
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maximum ratio combination (MRC) has a 5 dB better performance than a
two-element device with MRC.






Chapter 4

Hand Effect on OTA
Performance

4.1 Introduction

The objectives of this chapter are to determine the effect of different hand
models and usage patterns on mobile phone antenna performance in both
talk mode and data mode'!. The referenced parameters included radiation
and mismatch efficiency as well as TRP. The RF dielectric properties and
material composition of the hand, the grip of the hand on the phone, and the
placement of the hand and mobile phone against the head have been inves-
tigated in detail. These data allow the setting of the necessary specifications
and the general requirements for a hand phantom to evaluate mobile phone
antenna performance.

At the time that these standards were being drafted, standardized hand
phantoms had not been developed, so analysis of hand effects was limited.
The hand grips used in most of the studies above are not sufficient to repre-
sent a realistic environment because of various reasons such as un-realistic
hand grip, simplified hand model, limited hand positions, grips and dimen-

IThe study in the talk mode has been published as Effects of Hand Phantom on Mobile
Phone Antenna Performance in IEEE Transactions on Antennas and Propagation, 2009. The
study in the data mode is published as The influence of the user hand on mobile phone antenna
performance in data mode in European Conference on Antennas and Propagation, 2009.

33
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sions. Thus, the influence of the user’s hand on mobile phone antenna per-
formance might be underestimated. In this thesis, the hand grip is chosen
with the index finger pressed to the back of the phone with a realistic hand
model to represent more realistic hand grips on mobile phones.

Considering feasibility and repeatability of OTA measurement with a
hand phantom practically, the important issues include:

* Fixture design: A hand phantom fixture includes a device to fix hand
position with regard to the head phantom and a spacer in the hand
phantom to fix the mobile phone position with regard to the hand
phantom. A good fixture design ensures an easy measurement pro-
cedure and low uncertainty of hand positioning. The material used
for the fixture should be transparent enough in the RF range not to
alter the measurement result.

* Phantom material: The material properties of a hand phantom should
fit that in Gabriel’s database [41]. Homogeneity of each hand phan-
tom has significant influence on the repeatability of measurement. In
addition, mechanical flexibility is also important. The hand phantom
should be flexible enough to tolerate small difference of mobile phone
dimensions but not too soft.

The influence of the user hand is not only noticeable in the talk mode, but
also it is significant in the data mode (when the user is browsing or typing
text with the mobile phone). Thus, the hand effects in OTA performance
have also been studied in data mode in this chapter. In addition, in the above
literature review, it is mentioned that in GSM1800, a PIFA’s behavior is
complicated and hard to estimate when an index finger is above it [11, 69].
This issue is also analyzed in the section of data mode.

4.2 Method and Models

The effects of hand parameters on OTA performance were treated as inde-
pendent of each other as a first approximation. The parameters considered
in this study for evaluating the effect of the user’s hand were TRP and the
Effective Isotropic Radiated Power (EiRP) defined as follows [12]:

™ 2m
TRP = / EiRP(0, ¢) sin 0d0de
0=0 J ¢=0
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EiRP(0,¢) = Pr - Gr (0, ¢)

where Pr and G are the power delivered to the antenna and the antenna
gain, respectively.
In addition, for simplicity, TRP can be defined approximately as

TRP (W) = Conducted Power (W) - E,.;s - Erad,

where E,,;s and E,,4 are the mismatch efficiency and radiation efficiency
of the antenna, respectively.

The elements of the numerical models were the head phantom, different
mobile phone models and hand phantoms. The Specific Anthropomorphic
Mannequin (SAM) phantom [14] as defined in the standards was used. The
study was conducted with four different phones: a candy bar phone with an
external helix antenna (P1), a clam shell phone also with an external helix
antenna (P3), and candy bar phones with internal PIFA at the top (P2) and
at the bottom (P4) (Figure 4.1). All phones are commercial phones (the
P2 and P4 are identical CAD files but rotated by 180°). The numerical
models of these phones have been developed for other studies [67, 98, 99],
the experimental validation of which showed deviations of less than 15% for
different loading conditions. In this study, only the relative differences were
compared for which an uncertainty of less than 0.1 dB has been predicted.

(a) (b) (© (@

Figure 4.1: The four mobile phone models used to investigate the influence
of user hand on mobile phone antenna performance; (a) candy-bar phone
with helix antenna (P1), (b) candy-bar phone with PIFA at top (P2), (c) clam
shell phone with helix antenna (P3) and (d) candy-bar phone with PIFA at
bottom (P4).

In order to test the maximum sensitivity of the various hand parame-
ters, the mobile phones were evaluated in the right 15° tilted position of
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the SAM head phantom [14] (Figure 2.5). To determine the sensitivity of
different parameters of the hand, a real hand model with two different con-
figurations was used in this study, i.e. an inhomogeneous anatomical hand
model (Figure 4.2(b)) with skin, muscle and bone tissues, and a homoge-
neous anatomical hand model (Figure 4.2(c)) with homogeneous dielectric
and conductivity. A major challenge was to manipulate the hand such that a
natural grip for each of the phones could be realized. For this purpose, so-
phisticated hand modeling software (Figure 4.2(d)) has been developed, the
generalized version of which has recently been integrated into SEMCAD X.

(@) (b) © (d

Figure 4.2: The numerical models of the hand phantoms used to investigate
the influence of user hand on mobile phone antenna performance; (a) the
real hand model (b) Inhomogeneous (H1), and (c) homogeneous (H2) hand
models; (d) illustration of hand phantom modeling engine.

The dimensions of the hand model used in this study are presented in Ta-
ble 4.1. The dimensions used in the simulations are the average of male and
female hands reported in [76]. The material properties of the hand models
are shown in Table 4.2. RF dielectric properties of the homogeneous hand
phantom are based on the human tissue measurement data as described in
[41] and the values are the average between the dry and wet hands.

The simulation results of the four mobile phones with homogeneous and
inhomogeneous hand phantoms are shown in Table 4.3. The difference be-
tween homogeneous and inhomogeneous hand phantoms is 0.7 dB for P2,
but much less for the other phones. This means that a homogeneous hand
phantom may accurately represent a human hand in real usage conditions
and can be used in OTA measurements. Therefore, the rest of the study was
carried out using a homogeneous hand phantom. The conducted power in
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Hand Dimensions H mm
Wrist Width 63.8
Hand Length, Center of Wrist to Tip of Middle Finger || 185.9
Palm Length, Middle Crease to Distal Palm Crease 91.3
Hand Width 92.4

Table 4.1: Dimensions of the simulated hand phantom.

I HI I H2
900 MHz H Skin ‘ Muscle ‘ Bone H Homogeneous Model
Dielectric Constant || 41.4 55.0 12.5 36.2
Conductivity (S/m) || 0.87 0.94 0.79 0.79
1800 MHz H Skin ‘ Muscle ‘ Bone H Homogeneous Model
Dielectric Constant || 38.8 534 11.7 32.6
Conductivity (S/m) || 1.22 1.39 0.29 1.26

Table 4.2: The material properties of the inhomogeneous (H1) and homoge-
neous (H2) hand phantoms used in the simulations.

this report was normalized to 1 W, or 30 dBm, for calculating TRP. Both
mismatch efficiency and radiation efficiency were taken into consideration

for TRP calculations.

4.3 Effects of the Hand Phantom

The parameters of the hand phantom on the influence of mobile phone an-
tenna performance are studied thoroughly in this section. The results are

separated into four parts:

* The parameters of the hand phantom with negligible influence on mo-

bile phone antenna performance

- Hand phantom material dielectric properties

- Wrist tilt and length

* The parameters of the hand phantom with significant influence on mo-

bile phone antenna performance
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I PI I P2

900 MHz | H [ B2 [ HI | W2

Radiation Efficiency || 0.164 | 0.162 || 0.081 | 0.067
Mismatch Efficiency || 0.460 | 0.466 || 0.786 | 0.809
TRP (dBm) 18.78 | 18.78 || 18.04 | 17.34
I P3 I P4
Radiation Efficiency || 0.113 | 0.116 || 0.130 | 0.122
Mismatch Efficiency || 0.783 | 0.810 || 0.807 | 0.814
TRP (dBm) 19.47 | 19.73 || 20.21 | 19.97
[ Pl [ P2
1750 MHz | H [ B2 [ HI | W2

Radiation Efficiency || 0.323 | 0.324 || 0.108 | 0.107
Mismatch Efficiency || 0.931 | 0.930 || 0.675 | 0.691
TRP (dBm) 24.78 | 24.79 || 18.63 | 18.69
I P3 I P4
Radiation Efficiency || 0.109 | 0.113 || 0.122 | 0.125
Mismatch Efficiency || 0.880 | 0.875 || 0.765 | 0.775
TRP (dBm) 19.82 | 19.95 || 19.70 | 19.86

Table 4.3: Comparison of radiation performance between inhomogeneous
(H1) and homogeneous hand phantoms (H2) with the four mobile phone
models (Figure 4.1).

- Size of the hand phantom
- Palm-phone distance

- Vertical positions of the hand phantom
¢ Index finger positioning of the hand phantom

- Index finger positioning on the candy bar mobile phone with an
internal PIFA at top

- Index finger positioning on the clam shell mobile phone with an
external helix antenna at the hinge part

The effects of the index finger positions of the hand phantom are discussed
in an individual section because of their importance.
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4.3.1 Parameters with Low Influence on OTA
Hand Material Properties

The effects of tolerances in dielectric parameters of hand phantom materi-
als were assessed by using different permittivity and conductivity values to
simulate dry and wet hands. In [41], it has been shown that the differences
in permittivity and conductivity of dry and wet palms are of the order of
35% of their average. Five sets of different materials (M0-M4) are shown in
Table 4.4 (MO: ¢, is 32.6 and o is 1.26 (S/m)).

| i | w2 | M3 | w4
Dielectric Cons. || 32.6¥1.15 | 32.6*1.15 | 32.6%0.85 | 32.6%0.85
Conductivity 126%1.15 | 1.2670.85 | 1.26*1.15 | 1.26%0.85

Table 4.4: Four different sets of material properties of hand phantoms to test
the influence of the mobile phone antenna performance due to the variation
of the material properties.
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Figure 4.3: Effect of the hand phantom material properties on radiation per-
formance at (a) 900 MHz and (b) 1750 MHz with four different mobile
phone models (Figure 4.1).

As seen in Figure 4.3, TRP values are not sensitive (less than 0.5 dB
difference) to tolerances in material properties of hand phantoms at both
frequency bands. Since the mobile phone PCB (printed circuit board) is the
main radiator at 900 MHz [86], the existence of the hand phantom reduces
TRP values for all phone models at this frequency. However, since the hand
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does not cover the external antenna of P1, higher TRP values are obtained
compared to other phone models at 1750 MHz.
Wrist Length and Position

Five wrist models with different lengths and different tilt angles were em-
ployed to study the effect of the wrist on antenna performance (Figure 4.4).

(a) () (© (@ (e)

Figure 4.4: The hand phantom wrists with different length and position-
ing for evaluating the influence of different wrist configurations on mobile
phone antenna performance: (a) no wrist, (b) 3cm-long wrist, (c) 10cm-long
wrist, (d) 10cm-long, 15 °-tilted wrist and (e) 10cm-long, 30 °-tilted wrist.

28 , ‘ - 26
R B StE St S SPNEITENUTRPRS 25 L I i
: : L 4 L 4 2
2 [ -
P4 24
S : 2
§2 | | . &2 .
22 f A s 29 —
% 20 4 i o ! '
F2 L T W—

19 @— — $— : 19 4 |
By R A ] - b . *

17 | : : : |
Mo Wrist dem,Odeg  10cm.Odeg  10cm.15deg 10cm, 30deg No Wrist 3cm.Odeg  10cm.0deg 10cm.15deg 10cm.30deg

(@ (b)

Figure 4.5: Effect of different wrist sizes and positions on radiation perfor-
mance at (a) 900 MHz and (b) 1750 MHz of the four mobile phone models
(Figure 4.1).

The simulation results in Figure 4.5 show that the presence of the wrist
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has no significant influence on TRP. The wrist is relatively far from the
antenna, even in the case of P4 whose antenna is at the bottom and therefore
closer to the wrist. In addition, most of the radiated energy in the direction
of the wrist is already absorbed by the palm.

4.3.2 Hand Size

The size of the hand and the palm-phone distance were investigated using all
four phone models. The original hand size of the model used in this study
is close to the average of female and male hand sizes, [76]. The smallest
female hand and the largest male hand reported in [76] differ by about 20%
from the average hand size. Therefore, the five different hand sizes pre-
sented in Figure 4.6 were used in the simulations. The results presented
in Figure 4.7 demonstrate that the radiation performance of the antenna is
more sensitive to hand size when the antenna is located at the bottom of the
phone. However, larger hands do not always result in lower TRP values. If
two hands have the same grip style, the bigger hand has larger palm-phone
distance and antenna performance is also sensitive to the palm-phone dis-
tance.

(a) (b) (©) (Y] (e)

Figure 4.6: Five different hand sizes in the simulations for evaluating the
influence of the hand phantom sizes on the mobile phone antenna perfor-
mance: (a) 80%, (b) 90%, (c) 100%, (d) 110%, and (e) 120% of the average
hand size.
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Figure 4.7: Effect of hand phantom size on radiation performance at (a)
900 MHz and (b) 1750 MHz.

4.3.3 Palm-Phone Distance

The palm-phone distance (D) is defined between the bottom of the mobile
phone housing to the center of the palm (Figure 4.8). D was chosen as
13 mm, 30 mm and 45 mm in this investigation. Three hand grips with
different palm-phone distances were used to illustrate the effect of palm-
phone distance (Figure 4.9).

Figure 4.8: The palm-phone distance (D) defined in this paper is from the
bottom of the housing to the center of the palm.

In each grip, the index finger was placed on the side of the mobile phones
to isolate the effect of index finger positioning. The simulation results in
Figure 4.10 show that the performance of P4, whose antenna is at the bot-
tom, is very sensitive to palm-phone distance at 1750 MHz, as expected. P3
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(a) (d) ()

Figure 4.9: Three grips of the hand phantoms with different palm-phone
distances, D = (a) 13 mm, (b) 30 mm, and (c) 45 mm, for evaluating the
influence of palm-phone distance on mobile phone antenna performance.

has higher TRP compared to previous simulations at 900 MHz, and the TRP
of all models (except P1) is higher at 1750 MHz. This implies that the index
finger plays a significant role on mobile phone antenna performance.

13mm 30mm 45mm 13mm 30mm 45mm

Figure 4.10: Effect of different palm-phone distances on radiation perfor-
mance at (a) 900 MHz and (b) 1750 MHz.

4.3.4 Vertical Positioning

In this section, P2 and P4 models are simulated with hand phantoms to in-
vestigate the effect of vertical positioning on antenna performance. In simu-
lations with P2, because the index finger significantly changes the radiation
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performance, two sets of simulations were performed: 1) P2 + hand with in-
dex finger at four different vertical locations and 2) P2 + hand without index
finger at eight different vertical locations. For simplifying the simulations,
the second configuration was chosen to simulate the grip with the index fin-
ger placed on the side of the mobile phone instead of on its back. Eight
different vertical locations of the hand phantom on the mobile phone were
used in this section as shown in Figure 4.11. Row 1 is such that the location
of the fingers are at the top of the phone, as shown in Figure 4.12(c). In row
8, the thumb is at the bottom of the phone Figure 4.12(b). The hand without
index finger was simulated at all eight vertical locations (from row 1 to row
8), whereas the configuration with index finger was simulated at four loca-
tions from row 5 (the tip of index finger at top of the phone, Figure 4.12(a))
to row 8. The distance between each row is 10 mm.

row 1 row 1
S [
= row 3 _ row 3
_ row 4 _ row 4
_ row 5 _ row 5
_ row 6 _ row 6
_ row 7 _ row 7
- row 8 i row 8

—~
o
=
—~
o
=

Figure 4.11: (a) P2 and (b) P4 are set in 8 rows to investigate the influence
of vertical positions of the hand phantom.

The simulation results, ratio of total efficiency (E.i(dB)) are presented
in Figure 4.13 with the following definitions:

Eo(dB) = 10 - log(Etotal, with hand/ Etotal, without hand)a “4.1)

where Eiya1 1S Enis times E;,q. These simulation results show that the
efficiency of the antenna is higher when the hand is placed at a lower posi-
tion, i.e., further away from the antenna. TRP values change significantly
at both frequencies when the index finger is moved from row 6 (above the
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(@ (b) ()

Figure 4.12: Vertical positioning on the P2 model: (a) hand with index finger
at row 5 and, (b) at row 8; (c) hand without index finger at row 1.

antenna) to row 7 (below the antenna). Another interesting observation is
that in the 900 MHz simulation without the index finger, when the hand is
placed at lower positions (row 6 - row 8), the efficiency of the antenna with
the hand is higher than that without hand. In the cases that have higher ef-
ficiency, the head phantom also absorbs lower power compared to without
hand. Thus, the distortion of near-field distribution due to the hand phantom
may reduce power absorption by the head to enhance radiation efficiency in
certain grips.

I | |
——1750MHz_Without index |
-8 |- —8—1750MHz_With index
10 b-| 00z without indiex

Ratio of Efficiency (dB)

—e—900MHz_With index

Figure 4.13: Effect of different vertical positions of the hand phantom on P2
model.
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Four different vertical positions of the hand, with and without index fin-
ger, were used in simulations with P4 (Figure 4.14). When the hand is po-
sitioned at row 1, the index finger lays at the top of the mobile phone. The
distance between each row is 6mm. The computed results in Figure 4.15
indicate that the index finger causes approximately a 1dB reduction in TRP
values for all cases since the finger limits the radiation ability of the PCB.
The influence of the index finger on P4 performance is similar to the influ-
ence of the palm on P2 performance. In addition, less than 1.5 dB difference
in TRP is observed due to different vertical positions of the hand with re-
spect to the phone.

(a)

Figure 4.14: Vertical positioning on P4: (a) hand with index finger at row 1,
and (b) hand without index finger at row 4 for simulating the grip when the
index finger is at the side of the mobile phone instead of at the back.

4.4 Index Finger Positions

The existence of the index finger in the vicinity of the antenna significantly
changes its performance. P2 and P3 were chosen to evaluate the variation
of antenna radiation performance due to different index finger positioning.

4.4.1 Candy Bar Mobile Phone

In P2 simulations, sixteen different index finger positioning scenarios were
simulated (Figure 4.16). The distance between rows and columns are 6 mm
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——With Index Finger
—=\Without Index Finger

—&—With Index Finger

—&—'Without Index Finger |
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Figure 4.15: Effect of different vertical positions of the hand model on P4
at (a) 900 MHz and (b) 1750 MHz.

and 10 mm, respectively. Figure 4.17 presents the simulated TRP values
at 900 MHz and 1750 MHz. Up to 5 dB difference in TRP values due to
different positioning of the index finger are seen. The difference is more
than 3 dB when the index finger is shifted only 6 mm vertically and 10 mm
horizontally. Both mismatch and radiation efficiency significantly changes
in the presence of the index finger.

6 mm

(@ (b)

Figure 4.16: Index finger positioning on P2 model for investigating the sen-
sitivity of mobile phone antenna performance due to the shift of index finger
touching locations: (a) 16 index finger locations, and (b) index finger at [row
3, column 3].
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Figure 4.17: Effect of different index finger positions on the P2 model on
TRP at (a) 900 MHz and (b) 1750 MHz.

Figure 4.18 is the simulated E-field and H-field distribution at 1750 MHz.
The fields are recorded in a plane 1.5 mm above the antenna. Both the elec-
tric and magnetic fields above the antenna slot ([row 3, column 2] and [row
3, column 3]) are very strong. Thus, when the index finger is placed on these
locations, both mismatch and radiation efficiency seriously degrade due to
distortion and absorption of E- and H-field by the lossy hand. Moreover,
when the index finger is on row 4, it still degrades the radiation efficiency,
but does not significantly affect the mismatch efficiency of the antenna.

0dB
-6dB
-12dB
-18dB
24dB
-30 dB

Figure 4.18: The field distribution 1.5 mm above the P2 antenna at
1750 MHz; (a) E-field and (b) H-field in free space, and (c) the E-field
distribution when the index finger is placed on [row 3, column 2].

(a) (b)

Furthermore, different index finger touching areas also change the an-
tenna performance in addition to its positioning. In order to examine this
effect, the index finger at [row 3, column 2] on P2 was simulated with dif-
ferent touching areas as shown in Figure 4.19. The simulation results in
Figure 4.20 demonstrate that TRP values degrade up to 3.5 dB due to lower
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both mismatch and radiation efficiencies.

¥

4

(a) (b) ()

Figure 4.19: Different index finger touching areas ((a) just touched, (b)
medium press, and (c) hard press) when the index finger is touching [row
3, column 2] (Figure 4.16) for evaluating the variation of mobile phone an-
tenna performance due to different pressing strength by the index finger.

Y == 1750MHz |-
17 |- g - 900MHz

Touched Medium Hard

Figure 4.20: Effect of different index finger touching areas on radiation
performance of the P2 model when the index finger is touching location 32
as shown in Figure 4.16.

4.4.2 Clam Shell Mobile Phone

In P3 simulations, six different index finger positioning scenarios were used
as shown in Figure 4.21. Figure 4.22 highlights the effect of the absorbing
index finger in the vicinity of the close near-field of the external antenna of
the phone in terms of decreased radiated power.

The change in TRP when the index finger in row 1 is moved from col-
umn 1 to column 2 is opposite at 900 MHz and 1750 MHz. A closer investi-
gation of the free-space E-field distribution through the center of the antenna
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Column 1 Column 2 Cohumn 3
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Column
Figure 4.22: Effect of different index finger positioning on radiation perfor-

mance of the P3 model.

(Figure 4.23) reveals that the field at the tip of the antenna is stronger at
900 MHz than at 1750 MHz. Thus, the antenna experiences severe detuning
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at 900 MHz when the finger is placed on this location.

(b) (©

Figure 4.23: E-field distribution at middle of the antenna of the P3 model at
(b) 900 MHz and (c) 1750 MHz.

4.5 Data Mode

In the above sections, the effects of user hand in the talk mode (Figure 2.5)
have been thoroughly investigated. The effects of the user hand in the data
mode (Figure 4.24) are studied in this section. According to the studies
above, the grip and the position of the hand phantom are of great importance
to the mobile phone antenna performance. Therefore, only the influences of
hand grip and position are discussed in this study.

The objectives of this section are to determine the effect of various hand
grips and positions on the mobile phone antenna performance in the data
mode. Instead of phone + head + hand on talk mode, the configuration of
this study is phone + hand. The referenced parameters included radiation
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Figure 4.24: The influence of a user’s hand on the mobile phone antenna
performance is analyzed in data mode, that is, typing message or browsing.

and mismatch efficiency as well as TRP. These data allow the setting of the
necessary specifications and the general requirements for a hand phantom
to evaluate mobile phone antenna performance. In addition, a method is
proposed in this section to analyze the influence due to the user hand.

For this particular phone, P2, the area above the antenna is the most
sensitive to the antenna performance. In order to have a comprehensive
study of the antenna performance influence due to the hand, different hand
grips were set to place the index finger on all possible locations above the
antenna. There are four different grips shifted to four different locations
(Figure 4.25). As the study above, there are 16 scenarios simulated at
1750 MHz to evaluate the effect of the hand on the efficiencies and the TRP
(Figure 4.25(a)).

(@) (d) (© (@

Figure 4.25: Four different grips, like the hand grip in Figure 4.24, are set to
cover each column, and the grips are shifted down to each row. The columns
and the rows are defined in Figure 4.16(b).
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The simulation results are shown in terms of TRP, and radiation effi-
ciency, and the radiation efficiency is presented as ratio between with and
without hand in dB (E;,q(dB)). The definitions of the two ratios are

Erad(dB) =10- log(Erad, with hand /Erad, without hand)- (42)

The simulation results are shown on Figure 4.26. Considering the posi-
tioning error of the hand phantom in terms of TRP, the uncertainty is up to
6 dB for 6 mm vertical shift ([row 3, column 1] to [row 4, column 1]). The
variation of TRP due to 10 mm horizontal shift is also up to 4 dB ([row 3,
column 2] to [row 3, column 3]). Besides, according to results in talk mode,
the variation of TRP due to different index finger touching area can be up
to 3 dB. Therefore, the change of TRP for the 6 mm positioning error of the
hand phantom can be about 8 dB in this case.

Radiation Eff. (dB)

: ——Row 1 —l—Row 2 23
-3 R —k— Ry 3 —8— 0w 4

dBm
M
5

| =t=Row 1 =—=Row 2
= R iy 5 ol Ry 4

Colurmn 1 Colurmn 2 Colurnn 3 Colurmn 4 Column 1 Calurnn 2 Column 2 Calumn 4
Position Position

(@ (b)

Figure 4.26: The simulated (a) radiation efficiency and (b) TRP at
1750 MHz for different index finger positions (Figure 4.25(a))

To analyze the impact of the hand phantom, the variation of mismatch
efficiency due to different index finger positions is smaller than that of ra-
diation efficiency (Figure 4.26). Thus, during the development of a mobile
phone antenna, the influence will be underestimated significantly by only
considering impedance mismatch. However, some analysis of the input
impedance as shown in Table 4.5 can be quite helpful to understand the be-
havior. When the index finger is at the gray and white locations, it induces
capacitive and inductive effects, respectively. Usually, a dielectric object
causes an inductive effect when it is close to a resonant antenna, but the in-
dex finger causes both inductive and capacitive effect when it is at different
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positions, as illustrated in Figure 4.27. There are three input impedances for
three cases; no hand, index finger at [row 2, column 1] (white location) and
[row 2, column 2] (gray location). Since the gray locations are above the res-
onant arm of the antenna at DCS band, like “resonant locations”, it shifts the
resonance toward lower frequencies if the index finger is on these locations.
This shifts the input impedance at DCS band closer to anti-resonance with
lower input reactance. In addition, the index finger at gray locations also
decreases the quality factor more than it on white locations and that also
decreases the input reactance. Therefore, there is capacitive effect induced
by the hand phantom. If the index is on the white locations in Table 4.5, like
[row 2, column 1] in Figure 4.27, it shifts the resonance less and decreases
the quality factor less. Therefore, the index finger on these locations induces
inductive effect, as expected.

H Column 1 ‘ Column 2 ‘ Column 3 ‘ Column 4 ‘

Row 1 68 +j43 107 +j48 | 134 +j29 | 163 + j24
Row 2 100 +j63 | 232 +j27 | 188+ j20 | 185+ j16
Row 3 105476 | 247+ j46 | 183+ j29 | 168 + j29
Row 4 66 + j59 94 +j72 90 + j66 104 + j53
No Hand 42+j43

Table 4.5: The corresponding input impedance (Ohms) when the index fin-
ger on the 16 positions defined in Figure 4.16(b).

200

450
400 |-{—No Hand 150 V—No Hand
350 | |—Row2, Column 1 / — iow z go:umn ; \
— 100 ||— Row 2, Column
300 Row 2, Column 2 7 A \
g 250 L/ g 50 \
=
§ 200 VAN 5 o
150 \
-50
100 / \
50 -100
I
0 -150
15 1.6 17 18 19 2 15 16 17 18 19 2
GHz GHz

(a) (b)

Figure 4.27: (a) Input resistance and (b) reactance (Ohms) for the index
finger position at [row 2, column 1], [row 2, column 2] and without hand.

The input resistance can be separated into radiation resistance and loss
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resistance by using radiation efficiency. Regarding radiation resistance, the
16 locations can be separated in gray, white and dark gray locations (Ta-
ble 4.6). The index finger on the resonant locations (gray locations) shifts
the input impedance closer to anti-resonance, causing higher input resis-
tance. There are more radiated energy on the dark gray locations, like “radi-
ated locations”, and the index finger decreases the radiation resistance sig-
nificantly. The white locations are neither resonant locations nor radiated
locations. The influence of these locations on the radiation resistance is
minor compared to the other cases.

H Column 1 ‘ Column 2 ‘ Column 3 ‘ Column 4 ‘

Row 1 18.4 21.6 25.4 26.3
Row 2 224 353 32.1 272
Row 3 12.0 234 28.2 30.4
Row 4 17.8 18.0 13.0 14.8
No Hand 244

Table 4.6: The corresponding radiation resistance (Ohms) when the index
finger at different positions

H Column1 | Column2 | Column3 | Column4

Row 1 49.6 85.4 108.6 136.7
Row 2 77.6 196.7 155.9 157.8
Row 3 93.0 223.6 154.8 137.6
Row 4 482 76.0 77.0 89.2
No Hand 17.6

Table 4.7: The corresponding loss resistance (Ohms) when the index finger
at different positions

The variation of loss resistance (Table 4.7) due to the index finger on
different locations is caused by both the E- and H-field strength above the
antenna. Figure 4.18(a) and Figure 4.18(b) shows the E- and H-field dis-
tribution at the plane 1.6mm above the antenna in free space at 1750 MHz
respectively. Since the field concentrates more above the resonant arm, the
loss resistance is higher than the other cases when the index finger is on the
resonant locations. The location [row 3, column 2] has both the highest E-
and H-field and the highest loss resistance among the 16 locations.






Chapter 5

Hand Effect on Head SAR

The objective of this study is to investigate the hand effect on SAR perfor-
mance. Firstly, a simplified scenario (generic hand and phone models with
a flat head phantom) was applied to have basic understanding of the effect!.
Then, in realistic scenario, over a large sample of mobile phones are used
in several different hand grips and positions®>. Numerical simulations are
conducted using a wide range of hand grips and positions with four mobile
phone models. Conclusions are drawn regarding the types of hand grips
and positions that result in increased psSAR in the head. To verify that the
psSAR increases seen in the simulations are also found in reality, measure-
ments are made using 46 commercial mobile phones using a human hand
in different grips. Finally, the considerations of the hand effect on the head
PsSAR are discussed. In this study, the change of the head psSAR due to
the hand is defined as

PSSAR ith hana(W/kg)
PSSAR | pana(W/kg)

ApsSAR(dB) = 10 - log( ), (5.1)

Throughout this chapter, the psSAR value is normalized to the antenna
forward power, except where indicated. Each psSAR value in Equation 5.1

IThis part of the study is published as Analysis of the Hand Effect on Head SAR with
Generic and CAD Phone Models Using FDTD in IEEE International Symposium on Antennas
and Propagation, 2011

2This part of the study has been published as Influence of the Hand on the Specific Absorp-
tion Rate in the Head in IEEE Transactions on Antennas and Propagation.
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is determined by averaging the SAR over a 1-gram or 10-gram cubical mass
centered at each point, then selecting the maximum value over all points.
Therefore, Equation 5.1 represents the ratio of the highest psSAR values
regardless of location. This is important, as the presence of the hand may
cause a shift in the location of the psSAR. To specifically refer to the change
in the 1-gram or 10-gram psSAR, the variables ApsSAR,, and ApsSAR,,
are used. The absolute values of psSAR are not presented in this paper as
these are dependent on the power level of the device and the operating mode.
The focus of the paper is the investigation of the mechanisms that change
the psSAR.

5.1 Simplified Scenario

5.1.1 Methods and Models

According to the study in [52], the effect of the user’s hand on the SAR
in the head is more pronounced at higher frequencies. The simulation fre-
quency in this study is therefore selected to be 1800 MHz. A previous study
about the hand effect on Over-The-Air (OTA) parameters indicates that the
mobile phone antenna performance is sensitive to the hand- and particularly
the finger-position [42]. Therefore, in this study, a generic hand phantom
is used to exclude the variable of finger position. The hand phantom con-
sists of three bricks which represent the palm and the fingers, as shown in
Figure 5.1(a). The hand phantom is not further simplified as having only
the palm, since it was found in this study that in almost all the cases the
hand phantom model that raises the SAR significantly includes fingers. In
addition, a flat head phantom is used as the simplification of the SAM head
phantom. The movement of the hand phantom is described on Figure 5.1(b).
The hand phantom is moved in Y-direction from the top to the bottom of the
phone, and in Z-direction from 10 mm to 60 mm above the antenna. The
movement resolution is 10 mm and 5 mm in Y- and Z-direction, respectively.

The phone models are placed 5 mm above the flat head phantom. Fig-
ure 5.2(a) shows the candybar and clamshell model with PIFA. The antennas
tested with the candybar model are straight and bent monopole, PIFA fed at
the center and the corner of the short-edge of the ground plane, dual-band
PIFA and monopole antenna. In addition, clamshell phone models are also
investigated. Different locations of the PIFA and the flexible PCB are exam-
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Figure 5.1: (a) The flat head and generic hand phantom are used to inves-
tigate the effect of the hand on the SAR. (b) The hand phantom is moved
in Y- and Z-direction and the simulation results are recorded when the hand
phantom is at every location.

ined with the generic clamshell phone models. Also, the effect of ground-
plane dimensions on the SAR is investigated with both phone models. Other
parameters studied include the dimensions of the hand phantom and the ma-
terial variation of the hand phantom. All the simulation results, such as the
reflection coefficient, the total absorbed power by head and hand, and the
value and the location of the 1g-averaged peak-SAR as well as ApsSAR are
recorded as 2-D matrices. The material properties of the head and hand
phantom are set as that provided in the Over-The-Air (OTA) standard [12].
(head: €¢,, = 40, o = 1.4 (§/m)) (hand: ¢, = 26.96, ¢ = 0.99 (S/m))

5.1.2 Results

The observations from the simulation results are as follows. Firstly, the SAR
is very sensitive to hand position. Figure 5.2(b) shows the ApsSAR as a
function of hand phantom location, and it varies dramatically with different
hand positions. Hence, it is critical in this study to consider all the possible
positions for the hand. The maximum value of ApsSAR varies significantly
with the dimensions of the ground plane. The variation of the maximum
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increase due to different lengths of candybar (5 cm - 17 cm) and clamshell
(9.5 cm - 19.5 cm) phone models is 0.7 dB and 1.2 dB, respectively. In addi-
tion, a narrower ground plane causes higher increase of SAR for these cases.
The change in width (6 - 3 cm) of the candybar and clamshell models can
result in an increase of SAR by 0.53 dB and 0.56 dB, respectively. Regard-
ing the clamshell model, the highest increase occurs when the antenna is
next to the flexible PCB, as shown in Figure 5.2(a). After the hand position
with the highest increase is found, a generic index finger touching the back
of the phone is added. The index finger at different positions raises the SAR
further. In this case, the highest value of ApsSAR due to the hand phantom
with the index finger is 3.48 dB. The hand grip with the index finger that
causes the highest increase is shown in Figure 5.3.

r 125

50 40 30

Z
(a) (b)

Figure 5.2: (a) Different configurations and antennas are tested on the can-
dybar and the clamshell generic phone models. (b) The ApsSAR of the
generic clamshell phone model when the hand phantom is at different posi-
tions in Y- and Z-direction (mm).

Note that the head phantom used in this study is different from the SAM
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head in terms of geometry. Besides, for the same type of the antenna, near-
field distribution might vary significantly with different designs. Thus, the
results obtained in these simplified configurations can serve as a basis for
defining more realistic scenario, but investigation with realistic models is
also necessary.

Figure 5.3: The generic-hand grip that results in the highest increase of
ApsSAR with the generic clamshell phone model.

5.2 Realistic Scenario

5.2.1 Numerical Simulations
Models and Method

The simulation frequencies selected in this study are 900 MHz, 1750 MHz
and 1800 MHz. The model resolution is about 0.1 to 0.2 mm, depending on
the phone models. Five to seven layers of uni-axial perfect matching layer
(UPML) are used as the absorbing boundary surround the modeling space
[19], with at least 0.25 wavelengths of free space between the model and the
absorbing layers.

Four mobile phone models have been selected for this study, including
two generic designs and two CAD models (Figure 5.4). The generic mobile
phones both have a clamshell style with three metal parts representing the
top half, the bottom half and a conductive element (flexible PCB) joining the
two halves at the hinge. These models have a single-band PIFA at 900 MHz
(phone 1) or 1800 MHz (phone 2). The two CAD mobile phone models



62 CHAPTER 5. HAND EFFECT ON HEAD SAR

have either a clamshell style with an external helical antenna (phone 3) or
a bar style with a PIFA (phone 4). The details of the CAD models are
reported and have been validated with measurements in previous studies
[42, 98]. The antennas in phone 3 and phone 4 were re-designed using
genetic algorithm optimization and thus their performance may be different
from those of commercially-available mobile phones [72].

(a) phone 1 (b) phone 2 (c) phone 3 (d) phone 4

Figure 5.4: The mobile phone models used to investigate the effect of the
user’s hand on SAR in the head are the generic clamshell model with a
single-band PIFA at (a) 900MHz and (b) 1800MHz, (c) a CAD model hav-
ing a clamshell style with an external helical antenna operating at 1750 MHz
and (d) a CAD model having a bar style with an internal PIFA operating at
1750 MHz (phone 4).

The mobile phone models are placed in the cheek position against the
SAM head, as defined in [14]. For phone 4, heterogeneous head models
were also used. A previous study of the hand effect on OTA parameters
reports that the mobile phone antenna performance is sensitive to the hand
position [42]. Thus, it is important to define a rigorous process in order to
observe the range of ApsSAR that may occur. The process makes use of
a generic block model of the hand as shown in Figure 5.5. This generic
hand consists of three bricks which represent the palm spaced away from
the back face of the mobile phone and the fingers holding the sides. The
generic hand is used because it can be well defined and controlled by scripts
for automated simulations and optimization. To find the hand position that
maximizes ApsSAR, the generic hand is moved in the Y-direction from the
top to the bottom of the phone, and the palm spacing is moved in the Z-
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direction over a 60 mm range, as shown in Figure 5.5. The fingers are
touching the cheek, and the finger length L varies according to the hand
position. In the coordinate system, (Y, Z) = (0, 0) corresponds to the top of
the inside of the palm touching the top of the outer surface of the antenna.
The movement resolution is 10 mm in both Y- and Z-directions. The hand
position that maximizes ApsSAR is then selected. Next, the generic hand
model is substituted with a CTIA-defined homogeneous anthropomorphic
hand. The anthropomorphic hand is used in two different grips:

* Grip 1: identical to the CTIA-defined grips shown in Figure 2.6 for
the specific mobile phone type (bar or clamshell). The position of
the hand on the mobile phone model is based on the position of the
generic hand that maximizes ApsSAR.

* Grip 2: the fingers of the hand are posed using the Poser tool in SEM-
CAD X [17] so that the hand grip corresponds as close as possible
to the grip of the generic hand that maximizes ApsSAR while still
conforming to the range of realistic hand grips [80].

h

Figure 5.5: The generic hand model shown holding phone 2 to the SAM
head. The generic hand consists of three blocks representing the palm, the
thumb and the other fingers gripping the sides of the phone. The hand phan-
tom is moved over a wide range of positions along the length of the phone
(Y-direction) and palm distances to the back of the phone (Z-direction).
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Results

The simulation results quantify how sensitive ApsSAR is to the hand posi-
tion. ApsSAR,, is shown as a function of hand position in Figure 5.6 for
phone 2 and Figure 5.7 for phone 4. The total variation of ApsSAR,, is
about 3.5 dB for phone 2 and 2.1 dB for phone 4. For phone 2, 30% of
the hand positions result in positive values of ApsSAR, while for phone 4,
it was found for 95% of the hand positions. The 90th percentile value of
ApsSAR,, is 0.5 dB and 1.8 dB for phone 2 and phone 4, respectively.

Y (mm)
3

7%5 55 45 35 25 15 5 £ Generic hand
Z (mm)

Figure 5.6: The ApsSAng for phone 2 at 1800MHz is represented as a
function of the generic hand position.

Based on the position of the generic hand that maximizes ApsSAR,
the phones were simulated with the anthropomorphic hand phantom. For
phones 1, 2 and 3, both grip 1 and grip 2 are applied. Due to the small size
of phone 4, it was not possible to position the anthropomorphic hand in grip
1 and use a realistic grip (the index finger would be above the top of the
phone). Thus, only grip 2 is used for phone 4. Figure 5.8 and Figure 5.9
show the hand grips applied on phone 1 and phone 4, respectively.

Phone 4 with grip 2 is also simulated with anatomical head models, as
shown in Figure 5.10. The setup is identical to that of Figure 5.9 except
that the SAM head is replaced by the heads of the Visible Human [100] and
the Duke (adult male) and Ella (adult female) models of the Virtual Family
[101]. The ears of the models are compressed to represent the force exerted
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Y (mm)

Figure 5.7: The ApsSAR,, of phone 4 at 1750MHz is represented as a func-
tion of the generic hand position.

(@) (b)

Figure 5.8: The generic hand at the position that maximizes ApsSAR,, and
the corresponding anthropomorphic hand phantom in (a) grip 1 and (b) grip
2 on phone 1.

by the mobile phone [102].

Table 5.1 shows the simulation results of the four mobile phone models
with the hand grips where the highest values of ApsSAR were observed. For
the results normalized to the same forward power to the antenna, maximum
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Figure 5.9: The generic hand at the position on phone 4 that maximizes
ApsSAR,, and the corresponding anthropomorphic hand phantom in grip 2.
The views show (a) the front of the mobile phone model, looking through a
transparent SAM, and (b) the back of the mobile phone model.

(b)

Figure 5.10: The phone 4 with grip 2 as seen in Figure 5.9 is simulated with
anatomical head models. In addition to the Duke model seen here, the heads
of Ella and Visible Human model are also used in this study.

ApsSAR,, values higher than 2 dB are consistently observed for both fre-
quencies and all four phone models investigated. The S7; data shows how
the antenna match, and therefore the delivered power, are influenced by the
presence of the hand. As the hand is in the antenna near field, it can in gen-
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eral strongly affect the delivered power, depending on its size and position,
and on the antenna and mobile phone design. It is interesting to note that
the results presented in Table I are not consistently or strongly biased by the
anthropomorphic hands in the grips presented. The change in the delivered
power ranges from -0.8 dB (phone 3, grip 2) to +0.7 dB (phone 2, grip 1),
and it is less than the change in psSAR in all cases. This leads to the conclu-
sion that the increase in psSAR presented in Table I is more strongly affected
by the disturbance of the fields than the change in the antenna match. For
other cases not presented in Table I, the effect of antenna match could be
substantial.

The same results are shown normalized to the feed point current in Ta-
ble 5.1. The increase of psSAR is also over 2 dB for phone 3 and phone
4. ApsSAR is not as high for phone 1 and phone 2. Note that the hand
grips have been chosen to maximize ApsSAR based on power normaliza-
tion rather than current normalization. For all but one case in Table 5.1, the
antenna radiation efficiency, 7,4, and the total radiated power, TRP, drop
by at least 3 dB when the hand models are included. The hand absorbs a
significant amount of power as expected [42].

Table 5.2 shows the results when anatomical head models are used in-
stead of SAM for phone 4. The psSAR in the external ear (pinna) is excluded
from the 1-gram and 10-gram averaging for the ApsSAR results shown. RF
exposure standards from ICNIRP [43] and IEEE [44] have different ap-
proaches for how the psSAR limits in the pinna are taken into account. It
is outside the scope of this work to deal with the complexities of this pinna
issue. ApsSAR in SAM also excludes the ear, as the ear is lossless. Table 5.2
shows that ApsSAR for the anatomical heads is similar or higher to those for
SAM, regardless of whether the psSAR is normalized to current or power.
The use of anatomical heads therefore do not change the conclusions of this
study.

5.2.2 Measurement
Models and Method

SAR measurements were made with 46 commercial mobile phones in order
to determine the effects of the hand on the psSAR in commercial mobile
phones. All of the general styles are included: bar (including personal digi-
tal assistants), clamshell and slide, as shown in Table 5.3. All of the mobile
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Antenna parameters

ApsSAR normalized to power

ApsSAR normalized to current

Phone 1 (900MHz) S11 dB) [ 7a(%) | TRP (dBm) || ApsSAR,(dB) | ApsSAR o, (dB) || ApsSAR,,(dB) | ApsSAR o, (dB)
No hand -7.1 56.6 26.6 - - - -
Generic hand, maximum grip -6.5 12.8 20.0 23 2.1 -6.0 -6.2
Anthropomorphic hand, grip 1 -11.4 24.3 23.5 2.4 2.1 0.8 0.5
Anthropomorphic hand, grip 2 -11.5 239 235 2.6 2.1 0.8 0.3
Phone 2 (1800MHz) S11 (dB) [ 7a(%) | TRP (dBm) || ApsSAR,(dB) | ApsSAR o, (dB) || ApsSAR,,(dB) | ApsSAR o, (dB)
No hand -10.6 582 273 - - - -
Generic hand, maximum grip -4.3 8.0 17.0 2.1 1.7 -1.1 -1.5
Anthropomorphic hand, grip 1 -6.4 14.3 204 22 19 0.8 0.5
Anthropomorphic hand, grip 2 -6.5 14.3 20.5 25 2.1 0.6 0.2
Phone 3 (1750MHz) S11 B) [ 7a(%) | TRP (dBm) || ApsSAR,(dB) | ApsSAR o, (dB) || ApsSAR,,(dB) | ApsSAR o, (dB)
No hand -6.8 43.8 254 - - - -
Generic hand, maximum grip -8.1 6.3 17.3 0.7 0.1 4.1 35
Anthropomorphic hand, grip 1 9.2 354 249 1.7 1.7 32 32
Anthropomorphic hand, grip 2 -12.4 17.9 223 2.1 1.8 4.7 4.4
Phone 4 (1750MHz) S11 B) [ 71a(%) | TRP (dBm) || ApsSAR,(dB) | ApsSAR o, (dB) || ApsSAR,,(dB) | ApsSAR o, (dB)
No hand 1.4 32.1 242 - - - -
Generic hand, maximum grip -1.5 34 14.4 2.0 22 2.7 29
Anthropomorphic hand, grip 2 -8.8 8.0 184 25 2.4 23 22
Phone 4 (1750MHz), Duke head || S11 (dB) | 71a(%) | TRP (dBm) || ApsSAR,,(dB) | ApsSAR;,(dB) || ApsSAR,,(dB) | ApsSAR,(dB)
No hand -10.5 36.8 253 - - - -
Generic hand, maximum grip -9.9 2.8 14.0 2.1 L5 43 3.7
Anthropomorphic hand, grip 2 -12.0 6.5 17.9 2.6 2.5 35 33

Table 5.1: The simulation results of the four mobile phone models with the
hand phantoms at the position that causes the highest increase of the 1-gram
and 10-gram peak spatial-averaged SAR. 7,4 is the radiation efficiency of

the phone model.

Power normalized Current normalized
Head ApsSAR,, | ApsSAR,y, || ApsSAR, | ApsSAR, g,
model (dB) (dB) (dB) (dB)
SAM 2.5 24 2.3 22
Duke 2.6 2.5 35 33
Ella 3.1 34 4.1 44
VH 29 2.8 4.0 3.9

Table 5.2: ApsSAR in anatomical head models with phone 4 and the corre-
sponding anthropomorphic hand phantom in grip 2.

phones were operated in GSM mode aside from two in WCDMA mode. A
base station simulator was used to establish the call at the center channel
of the band and maintain a fixed output power of the mobile phone. The
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measurements with each mobile phone were repeated and psSAR variations
less than 5% were observed.

Frequency H bar clamshell slide total

900 MHz 4 8 8 21
1800 MHz || 24 9 13 46

Table 5.3: The number of each type of commercial mobile phone measured
in this study.

Measurements were made using an iSAR system (SPEAG, Zurich, Switzer-
land) [56]. The top surface of the system follows the ear-to-mouth line of
the SAM, as specified in [14, 103]. This line is extruded in an orthogonal
direction (see Figure 5.14). The thickness of the outer shell is 2 mm, except
at the ear spacer where it is 6 mm, as specified in [14, 103]. The 256 elec-
tric field probes are arranged in a planar array which is conformal and 4 mm
below the shell. Cubic spline interpolation is applied between the mea-
sured points, and the psSAR is estimated using the algorithms derived from
[104, 105]. The probes are embedded in a lossy dielectric material having
dielectric parameters over a wide frequency range, at least 600-6000 MHz,
within 10% of the target values for human tissue that are standardized in
[14, 103]. The short measurement time (< 1s) compared to conventional
systems (> 300 s) makes it practical to perform the large number of mea-
surements in this study. The position of the mobile phone is secured by a
dielectric phone holder. A comparison study between iSAR and a standard
SAR measurement system, DASYS52 (SPEAG, Zurich, Switzerland) shows
that the difference in psSAR is within £ 0.5 dB for most transmitters [56].
The repeatability of iSAR measurements is within 0.2 dB.

A human right hand, as seen in Figure 5.11 is used, with dimensions
shown in Table 5.4. The hand dimensions are close to the CTIA-defined
hand phantom [12]. The original hand grip applied in this study is based
on the grip studies [12, 80] (Figure 5.11(a) and Figure 5.11(b)). The hand
is moved vertically (Figure 5.11(c)) and horizontally (Figure 5.11(e)) with
different palm-phone distances (Figure 5.11(d)). This does not cover the
full range of hand positions possible, but it is intended to represent a subset
of realistic hand positions. The maximum psSAR among all the hand grips
and positions is recorded for each mobile phone.
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Hand Dimensions (mm) H Tester ‘ CTIA

Wrist Width 57 61.4
Wrist Circumference 162 162.9
Hand Length 189 186.5
Hand Circumference 192 200.2
Palm Length 110 105.7
Hand Width 79 85

Table 5.4: Dimensions of the tester’s hand and the CTIA-defined hand phan-
tom. Hand length is the distance from the center of wrist to the tip of the
middle finger. Palm length is the distance from the middle crease to distal
palm crease.

Results

The maximum ApsSAR,, values obtained for the mobile phone models is
shown in Figure 5.12. Previous studies suggest that the increase of psSAR
due to hand is more pronounced at higher frequencies [52]. Indeed, the
data show that a narrower range of maximum ApsSAR,, values is observed
at 900 MHz than at 1800 MHz, and that the percentage of mobile phones ex-
hibiting a significant increase in psSAR is less at 900 MHz than at 1800 MHz.
For example, the number of mobile phones exhibiting ApsSAR,, values
above 0.5 dB is 5 out of 21 at 900 MHz and 21 out of 46 at 1800 MHz.

5.2.3 Discussion
Influence of Hand Position

The proximity of the user’s hand significantly perturbs the near-field distri-
bution around the mobile phone. To illustrate this point, Figure 5.13 shows
the SAR distribution in SAM from phone 2 with and without the anthropo-
morphic hand phantom in grip 1. In the absence of the hand, the SAR is
more evenly spread out, while the presence of the hand results in a more
concentrated absorption pattern for this case. The observed changes in the
pattern have several non-independent causes 1) reflections by the hand re-
sulting in a confinement of the RF energy between head and hand, 2) detun-
ing of the antenna, 3) modification of the RF coupling between the electrical
components in the phone and therefore on the current distribution inside the
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(b) © (@ (e)

Figure 5.11: The hand grip and movement applied to obtain the maximum
ApsSAR value. The original grip (a), (b) is shifted (c) to different positions,
posed (d) with different palm-phone distances and moved to the left (e) and
right sides.

123 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 13 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Phone Phone

BpsSAR1g (dB)
BpsSAR1g (dB)

(@) (b)

Figure 5.12: ApsSAng for (a) 21 mobile phones at 900 MHz and (b) 46
Mobile phones at 1800 MHz.

phone. In the simulated cases, if the palm of the hand is very close to the
antenna (less than 15 mm), the strongly increased absorption inside the hand
reduces the psSAR in the head (as seen in Figure 5.6 and Figure 5.7). At
palm-phone distances of 15 mm to 35 mm, the psSAR in the head increases
for the cases at 1750 and 1800 MHz. The psSAR then drops at larger palm-
phone distances. The psSAR in the head is also sensitive to the hand loca-
tion, with highest psSAR values when the top of the palm is directly over
the antenna.

The higher range of ApsSAR values and more frequent occurrence of
high values may be due to the shorter wavelength of 1800 MHz. At shorter
wavelengths, the mobile phone and the hand are electrically larger and there
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(a) (b)

Figure 5.13: The distribution of 1g-averaged SAR of phone 2 in the SAM
(a) without the hand and (b) with the anthropomorphic hand in grip 1. (The
white squares are the hotspots.

are more opportunities to influence both the near field distribution and the
currents on the mobile phone. This result is consistent with the general
finding of Francavilla and Schiavoni [52]. Additional studies at other fre-
quencies would be needed to see if this trend continues.

Suitability of the Hand Model

To examine if a homogeneous hand can approximate the effect of a real
hand, a comparison is made between the CTIA-defined hand and the tester’s
hand for one mobile phone at a frequency near 1800 MHz (Figure 5.14).
SAR measurements are made on the iSAR for both left and right hands. Ef-
forts were made by the tester to pose the hand as closely as possible to the
grip used by the CTIA-defined hand. The measurement results as seen in
Table 5.5 show that the difference between the hand phantom and the hu-
man hand is small (within 0.25 dB). This suggests that a human hand can
be approximated by the homogeneous hand model for this purpose. An in-
terlaboratory comparison study between seven laboratories found that the
reproducibility of psSAR measurements with a CTIA-defined hand phan-
tom at 900 and 1800 MHz was within acceptable levels, resulting in only a
modest increase in the measurement uncertainty compared to psSAR mea-
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surements without a hand model [106].

.-

(@ (b)

Figure 5.14: psSAR measurement of a mobile phone using (a) the tester’s
hand and (b) the hand phantom.

ApsSAR,, (dB) || Tester | CTIA | Difference

Right hand 0.89 0.81 -0.08
Left hand -0.31 | -0.57 -0.25

Table 5.5: ApsSAng for the measurement setup shown in Figure 5.14 with
the tester’s hand and the CTIA-defined hand model.

Antenna Design Considerations

It was shown in Figure 5.6 and Figure 5.7 that psSAR in the head can be
very sensitive to the hand position. Given that the psSAR is caused by cur-
rents on the radiating structure [38], the psSAR is also sensitive to the de-
sign of the antenna and mobile phone. However, the complexity of mobile
phone design makes it difficult to devise simple antenna design rules that are
guaranteed to mitigate the hand effect. Proposals to keep the current from
flowing on the mobile phone chassis have been proposed such as creating a
current choke [50]. Modifications to the mobile phone chassis can be made
to keep the current from flowing on areas influenced by the hand [92]. To
suppress regions of high electric field concentration on the antenna, such as
slots on PIFA antennas, the slots can be replaced by lumped elements [65].

A practical approach for a specific mobile phone design is to identify
and change the primary design features that cause the psSAR increase. This
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approach is demonstrated for phone 2, where high values of psSAR in the
head have been identified with enhanced currents on the flexible PCB. The
current on the flexible PCB can be reduced by changing the locations of the
antenna or the flexible PCB, as shown in Figure 5.15. Each configuration
was simulated with the generic hand in the same range of hand positions
as described previously. The results were used to produce the distribution
of ApsSAR with position as shown in Figure 5.6, and the highest value of
ApsSAR was recorded. These maximum values, given in Table 5.6 show
how sensitive the hand effect can be to a small number of mobile phone
parameters.

(a) (b) (©
Figure 5.15: (a) The original model of phone 2 and modifications to change

the location of (b) the antenna and (c) the flexible PCB.

H Original ‘ Move antenna ‘ Move flexible PCB
ApsSAR, @B) || 21 | 045 | -0.2

Table 5.6: Maximum ApsSAR;, in SAM over all positions of the generic
hand. Results are shown for the designs of Figure 5.15.



Chapter 6

Mechanisms of RF EM
Field Absorption in Human
Hands and Fingers

This chapter analyzes in detail the causes of higher psSAR in the hand and
proposes correction factors to be applied to the flat phantom measurements.
The hand has a complex anatomy, and the myriad possible hand positions
on a wireless device can have a dramatic effect on the antenna performance
[80, 42] and psSAR [54, 55]. The SAR in biological tissues in the near field
of an RF source is determined from the induction of magnetic fields gener-
ated from source currents [38]. The psSAR in the hand may be affected by
standing waves in tissue layers [107, 39] and partial-body resonance effects.
Resonance effects for the whole body [108] and partial-body regions (e.g.,
torso, legs) [109] have been quantified, but possible resonances in fingers
and hands have not been studied in detail.

An objective of this chapter is to investigate the mechanisms of RF ab-
sorption in the human hand'. A further objective is to estimate the maxi-
mum psSAR10g value in a hand relative to that in the flat phantom defined
in IEC 62209-2. After introducing the applied method and models, the first
part of this chapter is an initial investigation of psSAR10g in an anatom-

I'This study has been published in IEEE Transactions on Microwave Theory and Technology
as Mechanisms of RF Electromagnetic Field Absorption in Human Hands and Fingers[110].

75
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ical hand model exposed to dipole antenna sources at several frequencies.
The results show that the psSAR10g could be substantially higher in the
fingers than in a flat phantom, so further investigation is warranted. Cylin-
drical and brick models of the fingers and palm are used to investigate the
physical mechanisms of increased psSAR in more detail. The exposure of
fingers in the far-field and the near-field are also studied using plane waves
and dipole antennas, respectively. Finally, we present the maximum value
of the psSAR10g computed in the human hand, normalized to that in the
standardized flat phantom.

6.1 Method and Models

Two and three-dimensional numerical modeling has been performed with
SEMCAD X. The frequencies of interest are 900, 1800, 2450 and 3700 MHz.
At least 8 layers of UPML are placed at 0.15 wavelength away from the sim-
ulated objects. The grid resolution is always less than 1 mm and it is finer
at higher frequencies. One-dimensional modeling has also been performed
analytically using transmission line theory [111].

The investigation examines the RF absorption of anatomical hand mod-
els, simplified cylindrical and brick models, and a standardized flat phantom
defined in IEC 62209-2 [103]. The detailed anatomical hand model and di-
electric cylindrical model representing the fingers are shown in Figure 6.1.
The flat phantom is represented as a lossy medium, with permittivity and
conductivity corresponding to head tissue simulating liquid (HTSL) [103],
and a lossless 2 mm thick shell (relative permittivity of 3.0) between the
lossy medium and the source. For the 1D and 2D analysis, the shell is not
modeled. The influence of the lossless shell on the psSAR is negligible for
frequencies below 2 GHz. At frequencies between 2 GHz and 3.8 GHz, the
absence of the shell underestimates the psSAR by 8% or less [112]. The
influence of the shell is therefore small compared to the other enhancements
observed in this study. The size of the flat phantom is at least 20% larger
than the dipole antenna sources used, as per the requirements of IEC 62209-
2 [103]. The flat phantom is set as an infinite half-space. Unless stated oth-
erwise, the cylindrical models used in this study have a defined length and
diameter and hemispherical caps on either end, with a radius equal to the ra-
dius of the cylinder. The anatomical hand is acquired from the Duke model
of the Virtual Family [102]. There are 7 tissues in this hand model: blood,
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bone, fat, muscle, marrow, skin and subcutaneous adipose tissue (SAT).

While it is obvious that a hand and a flat phantom have very different
geometries, there is a need to evaluate whether the flat phantom can provide
a conservative value for psSAR10g in the hand, so as to guide the develop-
ment of future revisions of IEC 62209-2.

Length

(b)

Figure 6.1: The hand models simulated in this study include (a) the right
hand of the Duke model from the Virtual Family and (b) a homogeneous
cylinder to represent an isolated finger.

The homogeneous cylindrical model is used for a parametric study of
the finger within the statistical variations of human finger length and width.
The 5th and 95th percentile lengths and widths of the five fingers have been
published by Greiner [76] and are shown in Figure 6.2. Based on these
values, we have chosen to evaluate cylinders having six diameters between
16 mm and 26 mm and six lengths between 55 mm and 95 mm, as shown
by the dots in Figure 6.2.

The material properties (relative permittivity, conductivity and density)
of the homogeneous cylinders are calculated as a volume-weighted average
of the five tissues in the finger (bone, fat, muscle, skin and SAT). The av-
eraging was performed for the five right-hand fingers of three of the adult
models of the Virtual Population (Duke, Ella and Fats (an obese model))
[113]. The properties of individual tissues correspond to the consolidated
tissue data base [114]. The resulting material parameters are shown in Ta-
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A

Ring finger ==t | Middle finger

Length
(mm) |
€= Index finger
Thumb
Pinky finger
49.1 ; Width
143 26.6 (mm)

Figure 6.2: Shaded boxes showing the range of 5th to 95th percentile of the
five fingers, from [76]. The parameters of the cylindrical model, having six
diameters from 16 mm to 26 mm and six lengths from 55 mm to 95 mm, are
shown as dots.

ble 6.1 for each frequency investigated.

All models under test (MUT) are illuminated by a plane wave or a half-
wavelength dipole antenna for far-field and near-field exposure, respectively.
The dipole antennas have 2 mm diameter and they are driven with constant
current source. The length of each dipole antenna is tuned to optimize the
impedance match in freespace. Although the near-field of contemporary
mobile phones is more complex than that of a dipole antenna, the dipole
antenna sufficiently represents the mechanism of absorption for the purposes
of this study. The results are analyzed in terms of the ratio between the
psSAR10g of the MUT and that of a flat phantom, i.e.

psSAR10g,,.4(W/kg)
pSSARlogﬂat phantom (W/kg) ’

where psSAR10g,,,,q and psSAR10g4, jhantom are the psSAR10g in the

ApsSAR = 6.1)
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Frequency (MHz) || 900 1800 2450 3700

30 28 27 26
05 08 1.0 1.5

Relative permittivity
Conductivity (S/m)

Table 6.1: The material properties of the homogeneous cylindrical finger
models, determined from a volume-weighted average of the tissues in the
five right-hand fingers of three anatomical models. (Density: 1200 kg/m?)

MUT and in a flat phantom under the same exposure condition. A ApsSAR
greater than one indicates that the flat phantom underestimates the psSAR
in the hand.

To validate the cylindrical model, the index finger and thumb from the
Duke model are compared with the homogeneous cylinders of similar di-
mensions. The exposure source is a plane wave with direction of propaga-
tion normal to the axis of the cylinders and the E-field parallel to it. The
simulation models are shown in Figure 6.3. The fingers are not attached
to the hand to compare their absorption pattern to that of the cylindrical
model. From Figure 6.4, the average difference in psSAR10g between the
cylindrical and anatomical models is 21%, which is small compared with
the enhancements shown later in this study. It can therefore be concluded
that the cylindrical model is a suitable representation of anatomical fingers
in terms of ApsSAR over the frequency range of interest.

6.2 Exposure of a Hand from a Dipole Antenna

An anatomical hand model exposed to a resonant half-wave dipole antenna
is simulated to determine whether the approach of using a flat phantom pro-
vides conservative results. The geometry is shown in Figure 6.5. The dis-
tance from the antenna to the middle finger ranges from 2 mm to 200 mm.
The ApsSAR results are shown in Figure 6.6. The values are above unity for
nearly all frequencies and distances shown, indicating that the flat phantom
is not a conservative representation for these cases.

Christ et al. found that enhancements in psSAR10g by a factor of two
are possible due to standing waves within tissue layers (e.g., skin, fat and
muscle) having different dielectric properties [107]. However, such en-
hancements are not expected at very close distances for the hand models in-
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() (W)

Figure 6.3: Isolated finger models of (a) index finger (length: 70 mm, di-
ameter: 22 mm) and (b) thumb (length: 60 mm, diameter: 22 mm) and
corresponding homogeneous cylindrical models having material properties
in Table 6.1.
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Figure 6.4: Comparison between ApsSAR of homogeneous cylinder models
and anatomical models of (a) index finger and (b) thumb at the four frequen-
cies investigated.

vestigated here. Investigations of layered finger models by the authors also
did not produce significantly higher SAR enhancements than those found
with homogeneous models. Additionally, the possible enhancements ob-
served in Figure 6.6 are more than a factor of four. The influence of the
finger geometry clearly plays a dominant role in the SAR enhancements.
For example, Kiihn ef al. demonstrated that whole-body resonance can in-
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duce high whole-body SAR [115] and the resonant frequency depends on
the height of the human model. This is investigated in the following section.

(a)

(b)

Figure 6.5: Hand and dipole models used in this study to examine the

psSAR10g in the hand compared with a defined flat phantom.
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Figure 6.6: The ApsSAR of the hand in Figure 6.5 at different distances and

frequencies.
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6.3 Power Absorption in Cylindrical Tissue Mod-
els

The mechanisms of power dissipation in a cylindrical model under plane
wave exposure are investigated first. For further simplification, the cylinders
used in this section have no round end caps, because these add little to the
understanding of the bulk absorption mechanisms. This study is focused
mainly on the fields in cylindrical dielectric models. It will be shown that
psSAR in the simulated fingers could be much higher than that in the palm of
the hand. There is practically no literature on this topic. Authors have dealt
with the EM field propagation along the axis of dielectric cylinders [116]
or with the backscattering from dielectric cylinders [117], but no analysis
is available for EM field inside dielectric cylinders excited by plane waves
with direction of propagation normal to the cylindrical axis. The magnitude
of E-field of the plane wave is 1 V/m.

6.3.1 Fields in the Cross-Section of an Infinitely Long Cylin-
der

One- and two-dimensional scenarios are studied as shown in Figure 6.7. The
excitation is a plane wave at 900 MHz with incidence normal to the cylinder
axis (X direction). The slab is referred to as a flat phantom if it is infinitely
thick. Both the slab and cylinder have the material properties of Table 6.1.
Note that HTSL is not used here for the slab in order to study the effect of
the geometry alone. The cylinder is illuminated by plane waves with both
E- and H-polarization. The power dissipated in a slab (1D) and a cylinder
(2D) were calculated analytically and numerically, respectively.

The definition of dissipated power density (DPD) as given in Equa-
tion 6.2 is applied to evaluate the absorbing efficiency of a cylinder of di-
ameter D as compared to a slab with width D; both have the same length
L:

DPD = Py/(D - L) (W/m?), (6.2)

where Py is total power dissipated in this region. Since both structures
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Figure 6.7: A slab and a cylinder with thickness and diameter D are illumi-
nated by a plane wave at 900 MHz with normal incidence.

are infinitely long in the Z direction, DPD can be rewritten as

lim DPD = — / / P(z,y)dxdy (W/m?), (6.3)
L—o0 D S

where P(x,y) represents the power dissipation (W/m?) in the cross sec-
tion of the slab or the cylinder at (z,y). Figure 6.8 shows a comparison
of DPD between flat phantom, slab and cylinder models having identical
dielectric parameters. D is normalized to the unit of the wavelength in the
material of the cylinder, or A4y. The DPD caused by a plane wave with E-
polarization can be significantly higher in cylinders than that in slabs. Thus,
a cylinder of diameter D is electrically wider than a slab with width D re-
garding absorbed power, or has higher absorbing efficiency. This implies
that fingers are potentially under greater exposure than the palm from a nor-
mally incident plane wave.

When a cylinder is illuminated by a plane wave, the phase of the field
inside the surface of the cylinder is quite uniform if the cylinder has a small
diameter in terms of the wavelength in the dielectric material. Thus, in a
first approximation, the E, field generated by the external sources inside a
cylinder of small radius has a radial distribution given by the function Jy,
Bessel function of the first kind of order zero. The absorption (or equiva-
lent area) of the cylinder increases with its radial dimension and reaches its
peak when D/A\; ~ 0.3 (i.e., tD/Ag ~ 1, Figure 6.9(a)). This condition
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Figure 6.8: Dissipated power density (DPD in mW/m?) in the following
structures illuminated by a plane wave (|E| = 1 V/m): a flat phantom, a slab
with thickness D and a cylinder with diameter D. For the cylinder, both E
and H polarizations are shown at 900 MHz, and E polarization is shown at
1800 MHz.

supports standing waves circling the interior cylindrical surface. Two more
peaks are observed for D/\; ~ 0.8 (1D /g ~ 2.4, Figure 6.9(b)) and for
D/Xg ~ 1.2 (wD/X\; ~ 3.8, Figure 6.9(c)). The value of 2.4 is recognized
as the first zero of the Jy Bessel function and 3.8 as the first zero of the J;
Bessel function. The two Bessel functions Jy and J; dominate the trans-
verse absorption of infinitely long dielectric cylinders with the radii of our
interest. The radial solution of the wave equation in cylindrical coordinates
is given by F'(p) = AoJo(kpp) + A1J1(k,p) cos ¢, where k, = 27 /Aq, the
coordinates of p and ¢ are shown in Figure 6.7. This clearly is seen in Fig-
ure 6.9(b) where the strong excitation of J; (k,p) causes first the shift of a
single focus and then the presence of two focal areas within the cylindrical
cross section. As the excitation of J; is less pronounced with respect to
that of Jy and of other incipient Bessel functions of higher order, a single
major focal area emerges. It is worth noticing that with this last diameter
(D/Aq ~ 1.2) the dielectric cylinder starts to cast a shadow at its back side.

The same simulation was also conducted at 1800 MHz (see Figure 6.8).
The results are very similar with that at 900 MHz, which confirms the analy-
sis above. The focusing effects are insignificant for the H-polarization com-
pared to those of the E-polarization as the cylinder is not thick enough to
support high displacement current in ¢ direction. If D is very large, sev-
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(a) (b) ()

Figure 6.9: The RMS values of the E-field in the cylinders with the diameter
is (@) 18 mm (0.3 Ag), (b) 48 mm (0.8 A\y) and (c) 76 mm (1.27 A\;). (The
maximum values are 0.92 V/m, 0.5 V/m and 0.4 V/m, respectively. Each
color step = 1 dB)

eral wavelengths, the power dissipated in the cylindrical model and the slab
converge to that of the flat phantom.

6.3.2 Fields in Dielectric Cylinders of Finite Length

The effect of the length of the cylindrical models is also studied in light
of the theory of partial-body resonance. It is well-known that whole-body
resonance can cause substantially high whole-body SAR [115]. Moreover,
partial-body resonance may also play an important role in psSAR [109].
Figure 6.10 shows the z component of E-field (E,) along the z-axis of
a 330 mm long (L = A, wavelength in freespace) cylinder illuminated by
an E-polarized plane wave source at 900 MHz. Cylinder diameters of 5 mm
and 20 mm are shown. E, is much higher than the other field components
inside the cylinders. The spikes at both ends are due to the boundary con-
ditions on the electric field. The continuity of the normal component of the
vector D (electric displacement) causes a substantial electric field discon-
tinuity equal to the dielectric constant of the cylinder (¢, = 30). In the
case of 5 mm diameter, the incident field is not disturbed considerably by an
electrically thin dielectric cylinder (mD/Aq << 1), so E, is quite uniform
along the cylinder. This phenomenon is independent of the length L of a
thin cylinder. The field changes significantly within a thick cylinder (D =
20 mm or 1D /Agq ~ 1). The E-field distribution along the axis of the 20 mm
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thick cylinder follows a sinusoidal function.
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Figure 6.10: The E-field (RMS value) along the axis of a dielectric cylin-
der with length 330 mm ()\y, wavelength in freespace) diameter 5 mm
(mD/X\g << 1, solid) and 20 mm (7D /A4 ~ 1, dash) illuminated by an
E-polarized plane wave at 900 MHz.

If a cylinder is infinitely long, no standing waves are expected in its ax-
ial direction. When the cylinder has finite length and large enough diameter,
the accumulated charge at the ends of cylinder drives the displacement cur-
rent as standing waves in axial or Z direction. The total E_, incident plus
scattered, must be identical just outside both bases of the cylinder. This
boundary condition can be satisfied only if the E, field is supported by spa-
tial harmonics of the type cos[(2n + 1)mz/Xo], |2| < L/2, where ) is the
free space wavelength and n = 1,2,-... This phenomenon is similar to
what happens in a transmission line open at both ends. The fields supported
by dielectric cylinders with 7D /A4 ~ 1 or greater are quite complex. The
field E, excites a magnetic field in the circumferential direction (¢), or Hg,
which, in concomitance with the incident H, component, gives rise to the
radial components, E, and H,. Only H; is absent from this structure.

If the cylinder is shorter than g, only the first spatial harmonic exists,
as seen in Figure 6.10. More spatial harmonics can be observed in longer
cylinders. Figure 6.11 shows the E-field in the cylinders when the length
is 1.5, 2 and 3 Ag. The third and fifth harmonic can be clearly observed
when the length is 2 and 3 )\, respectively. In the case of 1.5 Ay, the third
harmonic is weak and combined with the first harmonic resulting in flat
field distribution at the center. Note that although the fields presented are
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inside the cylinder, the periodicity of the spatial harmonics follows Ag. This
result agrees with previous studies that conclude that partial-body resonance
depends on the wavelength in freespace [109].

— I — -.--.
o5 L=50cm L=66cm L=100cm
s VAN |
07—+ }‘/ /N X
064+ R SN A G
] B \
20541 / \
£ 7 i \
Soali | 1 ] \

w 04
'

"
0.2

03-f l l
' !
I

0.1

0.0

Z(m)

Figure 6.11: The E-field (RMS value) along the axis of the cylinders when
the length is 1.5 A (solid), 2 Ao (dash) and 3 Ay (dot). The diameter is
20 mm and the plane wave frequency is 900 MHz.

In order to evaluate the influence of the spatial harmonics on psSAR10g,
cylinders of different lengths with a fixed diameter (20 mm, corresponding
approximately to the average finger width as shown in Figure 6.2) were sim-
ulated at four frequencies: 900, 1800, 2450 and 3700 MHz. The simulation
results are shown in Figure 6.12. The partial-body resonance appears peri-
odically. The first peaks at 900 and 1800 MHz are caused by the first spatial
harmonic. They do not occur at the same electrical length as the electrical
sizes of the diameters are different. At 900 MHz, there is a local mini-
mum at the length 1.5 \g. The first spatial harmonic is dominant when the
cylinder is shorter than this length so the psSAR is located at center of the
cylinder (see Figure 6.10). However, increasing the length of the cylinder
enhances the third harmonic so the psSAR location shifts towards the end
of the cylinder (see Figure 6.11). The results at 900 and 1800 MHz show
that only the first partial-body resonance is important as it causes the highest
psSAR considering different lengths.

The psSAR patterns vs. cylinder length at 2450 MHz and 3700 MHz
are significantly different from those at the lower frequencies due to their
electrically large diameter. As mentioned previously, J; cos(¢) has a sig-
nificant role in the field distribution on the cross-section as the diameter is
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Figure 6.12: The psSAR10g (#W/kg) in cylinders with D = 20 mm and
different lengths L illuminated by a plane wave with E-polarization (|E| =
1 V/m) at four frequencies (shown in MHz).
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Figure 6.13: E-field in the cylinder (L = 245 mm, D = 20 mm) at 2.45 GHz,
incident wave traveling in X+ direction with E-polarization. (Epax rms =
0.7 V/m, each color step = 1 dB)

close to one A4 (20 mm is about 0.85 Ay at 2450 MHz). The combination of
J1 cos(¢) and the third longitudinal spatial harmonics leads to the field dis-
tribution seen in Figure 6.13. The spatial harmonic causes more absorption
peaks, which makes the averaged power dissipation more uniform in the Z
direction. Thus, if the cylindrical diameter is larger than )4, the psSAR
value has less dependence on the cylinder length. This can be observed in
Figure 6.12 for the frequency 3.7 GHz. Given the difference in the geom-
etry of the boundary conditions of the field incident on a slab and those on
a finite cylinder, it is not surprising that the results presented above show a
substantial divergence in absorbed peak power levels vs. frequency in the
two dielectric structures.
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6.4 Far-Field Exposure

This section consists of two parts. In the first part, the cylindrical models in
Figure 6.1(b) are simulated with the dimensions of the fingers shown in Fig-
ure 6.2. In the second part, the fingers are attached to a parallelepiped solid
of simulated tissue representing the palm of a hand and the arm. ApsSAR as
defined in Equation 6.1 is used to evaluate the psSAR10g in the MUT. The
source is an E-polarized plane wave propagating in the direction normal to
the axes of the fingers.

6.4.1 Absorption of Fingers

The dimensions and material parameters of the cylinders are set as that in
Figure 6.2 and Table 6.1, respectively. Simulation results are shown in Fig-
ure 6.14. According to the study above, the behaviors of power dissipation
depends on the length and diameter normalized to \g and A4, respectively.
The normalized values are shown in Table 6.2. The results in Figure 6.8 and
Figure 6.12 can be used to interpret the results in Figure 6.14 considering
the ranges shown in this table.

Frequency (MHz) || 900 1800 2450 3700

Length (X\o) 0.17-0.29  0.33-0.57 0.45-0.78 0.68-1.17
Diameter (\g) 0.26-0.43 0.51-0.83 0.68-1.10 1.01-1.64

Table 6.2: The range of length and diameter in Figure 6.14 in terms of )\
and )4, respectively.

The enhancement of the psSAR10g in the cylinder models compared to
the flat phantom is most pronounced at 1800 and 2450 MHz due to the first
partial-body resonance; the resonance occurs for L ~ 0.5\ in Figure 6.12.
Enhancement factors more than 10 can be observed for plane wave exposure
under certain conditions. In addition, a strong dependence on the cylinder
diameter is observed at 1800 MHz. At 900 MHz, as the cylinders are elec-
trically short, the ApsSAR is predominantly sensitive to the cylinder length.
At 3700 MHz, the cylinders have diameter and length electrically larger than
Ag and \g, respectively, so influence of length is not as significant. However,
high ApsSAR is still observed at this frequency.
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Figure 6.14: ApsSAR of the cylinders illuminated by a plane wave at (a)
900 MHz, (b) 1800 MHz, (c) 2450 MHz, and (d) 3700 MHz.

6.4.2 Fingers, Palms, and Arms

An isolated cylinder was used to understand the physical mechanisms of
psSAR enhancement, but it is not a realistic model for the human finger that
is attached to the hand. To better represent the palm and arm, parallelepiped
solids (blocks) are attached. Three models are used, as seen in Figure 6.15.
They represent finger and palm (model 1), finger and palm perpendicular
to the arm (model 2) and finger and palm parallel to the arm (model 3).
The sizes of the palm and arm (derived from the dimensions of the Duke
model) are fixed as shown in Figure 6.15, while the dimensions of the cylin-
der change in the ranges defined in Figure 6.2. All models are homogeneous
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in dielectric properties, as defined in Table 6.1. Although the material prop-
erties do not match those of a palm, the models have a shape resembling that
of the metacarpal geometry. The plane waves illuminating the three models
travel in the X direction with E-field parallel to the fingers (see Figure 6.15).
For each model at each frequency, the cylinder geometry causing the highest
ApsSAR is recorded and the results are shown in Figure 6.16.

ka
*ﬁs Z\/x )
i X'>Z

(a) Model (b) Model2 (c) Model 3 (d) Model4 (e) Model 5
1

Figure 6.15: The models represent hand and arm (mm); (a) hand-only
(model 1), (b) hand perpendicular to arm (model 2) and (c) hand parallel
to arm (model 3). (d) Model 4 and (e) model 5 have five fingers in differ-
ent grips and the index fingers have the dimensions resulting in the highest
psSAR in model 1.

The psSAR10g is still substantially underestimated by flat phantom mea-
surements in the three models at all the frequencies. In the cylinder-only
model, partial-body resonance is pronounced at 1800 MHz and 2450 MHz.
However, in model 1, adding the palm causes a downward shift in the fre-
quency at which the absorption effects are most pronounced, with a maxi-
mum enhancement more than 20 at 900 MHz. Besides, the models are elec-
trically thinner at lower frequencies so that ApsSAR at 900 MHz in model
1 is greater than in the cylinder-only model at 1800 MHz. At 900 MHz,
ApsSAR is higher in model 2 than in model 3 as the plane wave has higher
coupling in model 2 than that in model 3. This happens because the sharp
bend in model 2 prevents the arm from being tightly coupled with the palm,
so the finger and palm can have a damped partial-body resonance. In model
3, the resonance of the palm is damped by the presence of the arm. The
structure in model 3 is expected to have its partial-body resonance at about
220 MHz. This structure is of little interest in the band 900 MHz to 3700 MHz
and is given no further consideration. When the frequency is higher than
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1800 MHz, the difference among the three models is negligible.

The hand models with single finger (model 1 to 3) were used for the
reasons of simplicity and more important, worst-case evaluation. This is
demonstrated with the simulation of the models having the other fingers and
thumb (model 4 and model 5 in Figure 6.15). The finger dimensions result-
ing in the highest psSAR found in model 1 are applied to these two models
at the four frequencies. Model 4 can be thought to represent a simplified
model of a hand gripping a device. Model 5 is for evaluating the influence
of the other fingers. As seen in Figure 6.16, the psSAR induced in model 4
is similar with that in model 1 (within 14 %), and model 4 always has higher
psSAR than model 5 (by 14 - 154 %) due to absorption by adjacent fingers.
Thus, model 1 is a reasonable choice for conservative estimation and for
identifying the physical mechanisms because of its simple geometry.
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Figure 6.16: The highest value of ApsSAR for plane wave exposure of the
cylinder-only model and model 1-3 shown in Figure 6.15 when cylinder
dimensions vary in the range shown in Figure 6.2. The finger dimensions
on model 4 and 5 are fixed. The index fingers on these two models have the
dimensions causing the highest psSAR in model 1.



6.5. NEAR-FIELD ABSORPTION 93

6.5 Near-Field Absorption

Plane waves were used to investigate the mechanism of SAR in a hand and
arm exposure in the far-field, but the most common scenario of exposure is
in the vicinity of a radiating device such as a mobile phone. Dipole anten-
nas are used to represent the radiator for near-field exposure (Figure 6.17).
The simulated psSAR in each case is normalized to a reference current as
magnetic induction is the major mechanism of the power absorption in the
near-field.

Distance

Distance

(@ (b)

Figure 6.17: The setup for near-field exposure; a dipole antenna illuminates
(a) a cylinder only and (b) model 2 defined in Figure 6.15.

The cylinder models causing the results of the cylinder-only case at each
frequency in Figure 6.16 were exposed to a dipole antenna with different
distances (Figure 6.17(a)). One cylinder model was used at each frequency.
Simulation results of ApsSAR in the cylinder models are shown in Fig-
ure 6.18. When the dipole is electrically far, the ApsSAR is, as expected,
close to that for far-field exposure. When the dipole is close to the cylin-
der, the SAR is much closer to that in a flat phantom. As mentioned before,
magnetic induction is the dominant mechanism for SAR in near-field and
geometry of the tissue is less significant under this mechanism. Thus, the
difference of psSAR10g between cylinder and flat phantom is much less in
the near-field, but the underestimation by flat phantom measurement is still
considerable in most cases.

As stated earlier, model 2 is of greater interest for partial resonances than
model 3. Thus, for obtaining a realistic worst-case envelope of psSAR10g,
model 2 is also exposed to the same dipole antennas. The cylindrical fin-
ger models were simulated with dimensions described in Figure 6.2 and the
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Figure 6.18: ApsSAR of the cylinders when illuminated by the dipole an-
tenna from different distances. The markers on the right side are the re-
sults of the cylinder-only case in Figure 6.16. (solid circle: 900 MHz, solid
square: 1800 MHz, hollow circle: 2450 MHz, hollow square: 3700 MHz)

geometry having the highest ApsSAR is shown in Figure 6.19 at each fre-
quency and each distance. The presence of palm and arm reduces the effect
of partial-body resonances of the fingers and therefore lower ApsSAR val-
ues are observed than in Figure 6.18. The slight variations of the plots in
Figure 6.19 are due to the changes of beam shape in the near-field of the
dipole and its repositioning with respect to the target tissue as different fin-
gers maximize ApsSAR for different distances from the RF source.

Comparing the results of Figure 6.19 and Figure 6.6, it is observed that
the values of Figure 6.19 are higher. This is expected, as Figure 6.6 rep-
resents only a single hand geometry. Although measurements with a flat
phantom may not provide a conservative psSAR result, the flat phantom
is convenient to use in the laboratory. Measurements in a hand model are
impractical, due to the need to insert electric field probes in the dielectric
medium with sufficient volume of material around it to prevent errors due to
air-tissue boundary effects. Instead, the results of Figure 6.19 can be used
as correction factors from measurements in a flat phantom to conservative
values in the hand. Results can easily be generated for other frequencies and
distances using the models described. A closed-form expression could also
be developed to describe the correction factor.
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Figure 6.19: ApsSAR of model 2 (see Figure 6.15) when illuminated by the
dipole antenna at different distances.






Chapter 7

Conclusions from Studies of
Hand Effects

The effects of hand parameters on mobile phone antenna performance in
terms of OTA parameters and SAR are studied in this thesis. The parameters
are assumed to be independent as a first approximation.

In the OTA part, both the talk mode (when the user is talking on the
mobile phone) and data mode (browsing or typing messages) are investi-
gated. The inhomogeneous hand can be well replaced with a homogenous
hand of appropriate dielectric parameters. Variations of up to 15% can be
tolerated since the effect is lower than 0.5 dB. The effect of the wrist is very
small. Significant effects were found for hand grip, including hand size,
palm-phone distance and the vertical positions of the hand phantom. The
most important factor is the index finger positioning and its touching area
on the back of the mobile phone. Since the index finger may be close to
the antenna, a slight shift or mis-positioning of the index finger can lead
to strong variation in OTA. The OTA performance of mobile phones can
be strongly impaired by the hand and therefore tests without the hand will
not provide meaningful assessments of the performance under real-life con-
ditions. However, the hand geometry as well as the exact position of the
phone inside the hand must be very precisely defined in order to obtain
highly reproducible results in future OTA measurements.

In addition, the effect of hand grip and position on mobile phone an-

97
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tenna performance in data mode in terms of OTA parameters is also studied
using one of the commercial mobile phone models in the talk mode study.
Various hand grips and positions cause significant change in OTA perfor-
mance. The uncertainty of positioning error of the hand phantom is about
8 dB of TRP within 6 mm shift, and the variation of radiation efficiency due
to different hand positions is higher than that of the mismatch efficiency. In
addition, the analysis of the simulation results suggests a method to estimate
the influence of the hand phantom on this mobile phone. This investigation
is an important database for the standards establishment of including a hand
phantom in mobile phone antenna OTA measurement. Based on this study,
suggestions for the CTIA standard are as following;

* A homogeneous hand phantom with the material properties suggested
by Gabriel should be able to represent the effect of a real human hand.
The material properties should allow 15% uncertainty in manufacture.

* The dimensions of the hand phantom should be at average of statistics.
* The wrist is not necessary.

* The grip is one of the most important factors, and different types of
mobile phones, like candybar or clamshell, are held in different ways
in real-world usage. Thus, the hand phantoms should be in different
grips for different types of mobile phones.

* Precise and robust fixture is necessary for suppressing the uncertainty
of measurement results.

The hand effect on head SAR was studied in both simplified and realistic
scenarios. In the simplified scenario, the generic mobile phone models and
phantoms are used in this study. It is found that firstly, the head SAR can be
increased significantly by the user hand. Besides, the head SAR is very sen-
sitive to the hand position, and only some positions cause significant SAR-
increase. In the realistic scenario, both simulation and measurement results
show that the hand in some cases can significantly increase the psSAR in the
head. The highest increase was found to be approximately 2.5 dB. This in-
crease is consistent between simulations and measurements, it is consistent
over different models of the hand and head, and it is consistent over differ-
ent frequencies (900 and 1800 MHz). Simulations conducted over a wide
range of hand positions were used to find the conditions over which the
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maximum increase occurred. The measurement results show that this effect
is more pronounced and occurs more often at 1800 MHz than at 900 MHz.
Simulations at 1800 MHz over a wide range of hand positions found that
higher psSAR in the head occurs when the palm is over the antenna with
a minimum palm-antenna spacing. At closer distances, the psSAR in the
head decreases. The psSAR in the head is sensitive to the hand position,
with variations of more than 3 dB observed. The CTIA-defined hand model
gives similar results as a real hand, and psSAR increases in the SAM head
have been replicated in anatomical heads.

A main objective of this work was to investigate the psSAR increases in
SAM, as this is the head phantom used by international measurement stan-
dards. The results support the conclusion that significant and reproducible
psSAR increases in SAM are possible when the hand is introduced. There-
fore, the influence of the hand is an important factor to consider for future
revisions of these standards. Possible considerations, such as the addition of
hand models in SAR measurement procedures or the application of scaling
factors to account for hand effects, require further work. This study reports
the highest increases in psSAR in the head, but it does not investigate the
likelihood of such an increase among the user population. It also does not
address compliance with regulatory limits, as it is outside the scope of this
investigation.

The mechanisms of SAR enhancement in the hand are thoroughly inves-
tigated in this part of thesis over the 900 to 3700 MHz frequency range. It
is clearly shown that psSAR10g in the hand can be significantly underesti-
mated by measurements in a flat phantom unless correction factors are ap-
plied. The results demonstrate that fingers have their own resonance modal-
ities for the absorption of RF energy. The absorption of the fingers is much
larger than predicted by simple, flat phantom models used so far to esti-
mate the exposure of these organs. Using homogeneous models, the effects
of finger geometry have been investigated statistically, and formulas have
been used to describe the SAR enhancement due to cylindrical geometry
and partial-body resonance. The analysis in this paper shows the physical
mechanism of the enhanced absorption that would remain otherwise hypo-
thetical or unexplained in the existing literature.

The models were exposed to plane waves and dipole antennas for far-
field and near-field exposures, respectively. Published statistics on finger
length and width were used, together with weighted-average dielectric pa-
rameters from anatomical models, to conduct parametric numerical analyses
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of the issue. When hand and arm models were included, the changes in the
frequency and magnitude of the psSAR10g enhancement were described.
The simulation results of hand models exposed to fields from dipole anten-
nas at different distances provide the envelope of psSAR10g in the hand
compared to a flat phantom. This information could serve as database for
correction factors from widely-accepted flat phantom measurements to con-
servative exposure values in the hand of a wireless device user.
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Chapter 8

Introduction of the
Hyperthermia Study

8.1 Background

Hyperthermia treatment (HT) is a type of thermal therapy for cancer treat-
ment that involves heating the target tissue (tumor) to 39°C — 45°C for
about 30 min - 1 hour, mostly as an adjuvant modality with the standard
treatments such as radiation therapy and chemotherapy. The thermal effects
on tissues at different temperatures are shown in Figure 8.1 [118]. The tech-
nology applied for low (39 °C — 41 °C) and moderate (41 °C — 45 °C) tem-
perature HT is discussed in this report. Thermal power can lead to cancer
cell damage, usually with minimal injury to normal tissues. More impor-
tant, for some types of cancer, heating the tumor can enhance the efficacy
of radiation therapy and chemotherapy. The possibility of this enhancement
has generated wide interest in developing equipment for conducting HT.

8.1.1 Engineering of Hyperthermia Treatment

The equipment that delivers thermal energy to the tissues is called an appli-
cator. The thermal source is usually ultrasonic or electromagnetic power ab-
sorption. There are four different types of HT: whole-body, (loco-)regional,
superficial and interstitial/intracavity [118, 119]. Whole-body hyperthermia
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Figure 8.1: The effect and usage of thermal energy on tissues at different temperature
temperature hyperthermia are discussed in this report.

s [118]. Low and moderate
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is not a common approach due to reasons of medical efficacy and safety.
The temperature in whole-body hyperthermia can only reach up to 41.8°C
without jeopardizing the patient’s life [120]. Compared to the non-invasive
HT techniques, the methods for interstitial/intracavity HT are more varied
and well-established, and a large temperature range is available with this
modality [121]. Under exposure to extremely low frequency (ELF) mag-
netic fields, invasive HT can also be conducted with implantsl. These meth-
ods include magnetic seeds implanted in the target as the thermal source
[122], and, more important, magnetic nanoparticles or magnetic fluid. A
tumor filled with magnetic fluid becomes more lossy and heatable by an
ELF H-field, which is a novel and seemingly promising method [123, 124].
Compared to invasive HT, regional and superficial hyperthermia are more
suitable for heating tumors of larger size. This review focuses only on the
technologies for regional and superficial HT with non-invasive EM applica-
tors (but not including intracavity methods).

The behavior of the EM field at the RF and MF range in a human body is
very complicated. It is very difficult to have only one design of hyperthermia
applicator to heat different sizes of tumors in different regions [125]. Thus, it
is necessary to have specifically designed applicators for cancers in different
regions of body such as the brain, breast, superficial region (depth < 4cm),
pelvic region, extremities and the head and neck region. The EM power
can be delivered with single or multi-element operation. Multi-element op-
eration with precise control of the amplitude and/or phase of each input is
called Phased Array.

The success of HT strongly depends on the interdisciplinary collabora-
tion between medicine and engineering [126]. Moreover, multiple engineer-
ing disciplines are involved. The work on the engineering side is mainly in
four domains:

* Applicator design: this includes RF circuit and radiation scenario de-
sign. For the RF circuit, fabrication, power amplification, feeding
structure and feedback measurement are involved. For the radiation
scenario, not only the single element and phased array designs are
considered, but also applicator dimensions, shape of water bolus, pa-
tient position, etc.

Note that the ELF in this thesis is defined as the frequency for the problem which can be
analyzed with quasi-static approach.
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e Thermometry: thermal distribution in tissues is very difficult to pre-
dict because of the complicated and nonlinear thermal behavior in
tissues and vasculature. However, the temperature distribution in the
tumor is critical to the efficacy of hyperthermia. The accuracy and
comprehension of thermal measurement is therefore one of the most
important factors for HT performance.

* Numerical tools: these include electromagnetic and thermal simu-
lation tools, data acquisition and processing, feedback control, user
interface and optimization algorithms of excitation coefficients for
phased array. The simulation tools are usually combined with the
optimization called Treatment Planning Tools [127, 128].

* Clinical implementation: integration is always important to multi-
discipline application, which includes clinical feasibility, repeatabil-
ity and quality assurance. One of the key issues of public acceptance
to a medical modality is repeatability. The performance has to be re-
peatable in different places, with different technicians and on different
patients. Therefore, quality assurance becomes a necessary procedure
for guaranteeing the repeatability [129].

This review focuses on applicator design and optimization algorithms of
excitation coefficients, namely, the amplitude and phase of each excitation
source.

The evaluation of the performance of a hyperthermia applicator is based
on several considerations. The first is the level and distribution of the SAR
or temperature of the target. This issue is directly responsible for the med-
ical efficacy of HT. Secondly, the targeting of the thermal pattern, or the
concentration of the energy, in the human body is also of importance. If
the normal tissues surrounding the target are also heated excessively, the
patient may experience pain or even tissue damage. Consequently, the de-
livered power, as well as the thermal energy in the tumor, has to be limited.
Finally, because the clinical process of HT usually takes about one hour, pa-
tient comfort, such as breathing restrictions, pressure from the water bolus,
burning feeling on the skin and pressure or pain due to hotspots, during the
treatment is also considered a significant topic.
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8.2 Why Hyperthermia?

Hyperthermia is not a novel way of curing disease or lesions as it can be
dated back to 3000 BC [130, 131, 119]. In the last century, hyperthermia
was found to be helpful in cancer treatment [119]. The efficacy of HT was
at first only concerned with the direct killing of cancer cells. Recent studies,
however, have shown that the adjuvant effects of HT with standard treat-
ments are more important and practical [132]. In addition, it is very impor-
tant to have significant indicators of SAR or temperature, which strongly
correlate to clinical response [133]. Thermal dosimetry of HT is therefore
also discussed in this section.

8.2.1 Biological Background of Hyperthermia Treatment

There are two main mechanisms of the medical efficacy of HT, the direct
and the adjuvant effect. In terms of the direct effect, cancer cells can be
killed or damaged directly by high temperature. It is well known that cell
survival rate drops dramatically when the temperature is higher than 43 °C
[130, 134, 135], so a thermal source, like EM fields, concentrated on a tu-
mor can kill the cancer cells directly by excessive heat. Besides, a tumor
is more sensitive to high temperature than normal tissues for the following
reasons. Firstly, the vasculature in a solid tumor is generally chaotic and
full of premature vessels. When the temperature increases, the vascular col-
lapse in the tumor is much more severe than that in normal tissues [119].
The haphazard vasculature also limits the delivery of nutrition and oxygen
when the tumor grows. Consequently, that causes hypoxia, low pH and poor
nutrition condition, which make the cancer cells more sensitive to high tem-
perature [125, 131, 119]. Finally, cells are more susceptible to heat when
they are under the S-phase in the replication process, and cancer cells usu-
ally have a longer S-phase than normal cells [120]. Therefore, cancer cells
are generally weaker than normal cells under exposure to heat [126, 119].
More detailed biological rationale of HT on cell-level has been reported in
[120, 125, 131].

In addition to the direct effect of heat on cancer cells, there is a more
important and well-known advantage of using hyperthermia: it can be an
adjuvant modality with radiotherapy (RT) or chemotherapy (CT) as it is
able to enhance the efficacy of both these standard treatments without ad-
ditional significant toxicity. As mentioned above, cancer cells usually have
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the characteristics of low pH, poor nutrition and a longer S-phase during
the cell division cycle, which are also the conditions of high radiation re-
sistance [120, 135]. Thus, hyperthermia has complementary efficacy com-
bined with RT. HT can also increase the radiosensitivity of the cancer cells
as the blood flow and oxygenation in the tumor is increased when a temper-
ature of 39 — 41 °C is reached (the low temperature hyperthermia in Fig-
ure 8.1). Therefore, the increased blood flow and oxygenation in the tumor
can enhance the radiosensitivity and drug delivery for RT and CT respec-
tively [120, 136, 131]. This characteristic of enhancing RT and CT by HT
is considered much more important than the direct effect of HT. RT and CT
are well-established modalities, but the side effects of both may seriously
affect the patient’s quality of life. Therefore, HT plus RT or CT can pro-
vide not only a better clinical response, but also fewer side effects because
a lower dose of RT or CT is required. The enhancement happens even when
the tumor temperature is lower than 41 °C. For this reason, reaching 43 °C
is not now considered a necessary goal in bimodality (CT+ HT or RT+ HT)
or trimodality (CT+ RT+ HT) treatment, which is good news from the engi-
neering aspect [126, 125, 137, 138].

8.2.2 Thermal Dosimetry

Although the biological rationale for hyperthermia treatment is quite strong,
the correlation between thermal dose and clinical response is still unclear,
and this is one of key issues for public acceptance of hyperthermia treatment
[139, 140]. The effects of thermal dose include not only those on different
kinds of tumors but also the thermal thresholds for various healthy tissues.
The most common methods of quantifying thermal dose are the cumulative
number of equivalent minutes at 43 °C (CEM43 °C), minimum temperature
in the tumor (Ty,;,) and the 90th percentile of the tumor temperature distri-
bution (Tgg). The CEM43 °C is defined as

tstop
CEM43°C = / R¥-T gt 8.1)
t

start
=tR¥B-T when T is constant, (8.2)

where t is the time during the treatment in minutes and T is the temper-
ature. R is the number of minutes needed to compensate for a 1 °C tem-
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perature change either above or below the breakpoint, which is generally
chosen as 43°C [139]. In many cases, R is 0.5 or 0.25 when T is higher
and lower than 43 °C, respectively. However, as different values of R and
the breakpoint are suggested in different reports, both values are not yet
uniquely determined [139]. Besides, Tgp and Tp, can also be combined
with the concept of CEM43 °C as CEM43 °CTygy and CEM43 °CT\yy, re-
spectively. Significant correlation between CEM43 °CTy and clinical re-
sponse has been reported in [140].

Practically speaking, it is difficult to obtain the entire temperature dis-
tribution in the treated region. In addition, an indicator with one value is
required clinically instead of a curve or distribution. Some modified defini-
tions of temperature indicators are therefore applied in clinical application.
With regard to HT+ RT for locally advanced cervical cancer (LACC), two
indicators have been found to have a significant correlation with tumor con-
trol and survival [138]. They are TRISE and modified CEM43 °CTgg. The
definition of TRISE is

S MT(ALT50 — 37°C) x dt

450 ’

where n and dt are the number and the duration of the treatments, re-

spectively; TS50 is the temperature exceeded by 50% of sites monitored in

the bladder, vaginal and rectal lumen, and ALT50 (All Lumen T50) is de-

fined as the value averaged over all treatments. In addition, the definition of
modified CEM43 °CTy is

TRISE =

(8.3)

tiotal

n=N
CEM43°CTgy = 5 / AtR(43-T90) (8.4)
n=1 0

where t;,14; 18 the time for the treatment, which is 90 minutes in [138]; N
and At are the number and the time interval of the treatments, respectively
(N is 5 in [138]); T90 is the value averaged of the All Lumen T90 during
At; R is 0.5 or 0.25 when T is higher and lower than 43 °C, respectively.

With respect to the evaluation of HT performance, SAR, appears to be
the indicator preferred for target-SAR analysis, hotspot analysis (in healthy
tissues) and the optimization of excitation coefficients among the 24 indica-
tors evaluated in [133]. It is defined as

SAR(V1)

SARpio = w5
7 SARuge

(8.5)
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where SAR(V1) is the SAR averaged in the one percent of the patient
volume with the highest SAR, or the hotspot; SARar is the SAR averaged
in the target volume.

8.2.3 Clinical Results

There have been many clinical trials of HT, with both positive and negative
results [135, 141, 125, 131, 119]. Table 8.1 shows the positive effect of com-
bining HT with RT, CT or RT+ CT in cancer treatment [131]. In addition, a
report of a 12-year follow-up of patients who took RT with and without HT
shows that RT+ HT has significantly better results than RT alone in terms
of both tumor control and overall survival rate (Figure 8.2) [142]. More-
over, a recent study also shows that RT+ HT can offer similar efficacy to the
standard treatment of RT+ CT for local advance cervical cancer (LACC),
i.e. patients under RT+ HT have the same response rate but without the side
effects due to CT. [138].

Tumor [ Treament [ Patients | Endpoint [ Effect with HT | Effect without HT
Head and neck RT 41 CR rate 83% 41%
5-year LC 69% 24%
5-year survival 53% 0%
Melanoma RT 70 CR rate 62% 35%
2-year LC 46% 28%
Breast RT 306 CR rate 59% 41%
Glioblastoma multiforme Surgery, RT 68 Median survival 85 weeks 76 weeks
2-year survival 31% 15%
Bladder, cervix and rectum RT 298 CR rate 55% 39%
3-year survival 30% 24%
Rectum RT, surgery 115 S-year survival 36% 7%
Bladder CT 52 PR rate 66% 22%
Cervix RT 64 CR 55% 31%
Various RT 92 Response 82% 63%
Lung CT 44 Response 68% 36%
Cervix RT 40 CR 85% 50%
Rectum RT 14 Response 100% 20%
Oesophagus RT, CT, surgery 53 Palliation 70% 8%
Oesophagus RT 125 3-year survival 42% 24%
Rectum RT, surgery 122 PR rate 23% 5%

Table 8.1: Clinical trials showing positive results of cancer treatment using
HT combined with standard treatments [131]. (CR: complete response, LC:
local control, PR: partial response)
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Figure 8.2: The (a) local tumor control and (b) overall survival rate in the 12-
year long-term study of clinical trials using hyperthermia treatment [142].

However, some clinical trials have shown that including HT does not
significantly improve the response rate [131, 143]. Table 8.2 shows the re-
sults of the clinical trials not gaining significant benefit from HT [131]. In
this table, the first and second trials were important references for the effi-
cacy of hyperthermia treatment in the United States. As the results of these
two trials showed no significant improvement by adding HT, hyperthermia
treatment is still not widely accepted in the United States [125, 131, 132].
However, the failure of the two clinical trails, including a recent one [143],
could be due to insufficient thermal coverage of the tumor and poor treat-
ment scheduling [131, 125, 119]. Heating tumors with external EM power
is a great engineering challenge. It is very difficult to manipulate the dis-
tributions of EM energy, especially in the deep regions of highly lossy and
inhomogeneous environments like tissues. Predicting the thermal distribu-
tion due to SAR is also challenging [134, 126]. For this reason, it can easily
happen that the treated tumor is not heated uniformly with sufficient power.
Furthermore, the adjuvant effect of HT was not considered as the major goal,
so the treatment schedule was not set to maximize the adjuvant effect [132].
Therefore, these clinical trials also underline the importance and urgency of
developing better applicators and an optimal treatment plan.

Besides adding HT as an adjuvant to RT or CT, trimodality treatment, i.e.
HT+ RT+ CT, also seems encouraging for cancer treatment [137]. However,
not many clinical trials have investigated trimodality. This is because RT
and HT may heighten the toxicity from CT, and much more investigation
is still needed to find the optimal treatment plan. The parameters of this
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Tumor H Treatment ‘ Patients ‘ End point ‘ Effect with HT ‘ Effect without HT
Various RT 145 CR rate 32% 30%
Various RT 173 2-year survival 36% 29%
Head and neck RT 65 CR rate 74% 58%
Various RT 15 Better response 47% 7%
Breast RT, surgery 507 S-year survival 73% 67%
Cervix RT 50 18 months LC 70% 50%
Stomach RT, Surgery 193 S-year survival 51% 45%
Oesophagus CT 40 PR rate 41% 19%

Table 8.2: Clinical trials showing non-significant results of cancer treat-
ment using HT combined with standard treatments [131]. (CR: complete
response, LC: local control, PR: partial response)

optimization include the dose and the sequence of the three modalities [137].
Theoretically, the three modalities can enhance the efficacy of each other,
and trimodality could be a promising future cancer treatment [142].

8.3 Contents

In this part, the rest of the study of the hyperthermia applicator using nonin-
vasive EM power is organized as follows;

* Review of the technology of HT using noninvasive EM power to have
overview about the designs and methods in this field have been devel-
oped and tested.

* Propose a novel applicator design for this region. Currently, there is
only one practical design for the tumors at head and neck region, so
having another design with better performance is significant issue.

¢ Discussion and summary



Chapter 9

Review of Hyperthermia
Treatment Technology
Based on Noninvasive EM
Power

The objective of this chapter is to review the technologies of the external
applicators using EM power that are used in hyperthermia treatment. The
review is divided into five parts:

* Low frequency methods: as most living tissues are very lossy to
EM power, penetration depth is always a difficulty of applicator de-
sign. Thus, applicators operated at low frequency (from 4MHz up to
100MHz) were quite popular in 1980s. The heating mechanisms for
low frequency applicators can be categorized as capacitive coupling
(E-field dominant) and inductive coupling (H-field dominant).

* Multi-element operation: applicators using an antenna array have many
advantages over single-element operation. Firstly, a multi-element
applicator conforms to the body’s shape better than a single element
for superficial hyperthermia. In addition, as the input amplitude and
phase of each element of a phased array can be adjusted, the appli-

113
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cator can generate better energy concentration and penetration depth
due to coherence. Furthermore, the adjustment can also be used to
steer the thermal distribution. However, in terms of applicator design,
phased array is much more challenging than single-element. The top-
ics discussed in this section include superficial hyperthermia using
antenna array, the phased-array designs for heating the tumors in dif-
ferent regions (head-and-neck, breast and pelvic) and algorithms for
optimizing the excitation coefficient.

e Other methods: some novel methods have recently been developed
for enhancing the thermal performance or reducing the engineering
complexity. The novel methods reviewed in this report include heat-
ing breast tumors using ultrawide-band microwave, field concentra-
tion with metamaterial lenses, and using reflectors as a continuous
array to generate focus.

e Summary and discussion: this section includes a summary of the HT
techniques mentioned in this report, the technical challenges and ex-
pertise required for developing a complete solution for HT, and a sum-
mary of the many purposes for which the water bolus is used in exter-
nal applicator designs.

9.1 Low Frequency Methods

In hyperthermia treatment, low frequency is defined as lower than about
100MHz. Because of the electrical size and properties of tissues, penetra-
tion depth in tissues is the greatest advantage of HT at low frequency. The
applicator operated at low frequency may also provide better thermal cov-
erage in some cases. The two ISM bands, 13.56MHz and 27.12MHz, are
commonly used for the low frequency applicators.

When the operated frequency is lower than 13.56MHz (ISM band), quasi-
static approximation is a simple but fairly accurate method of predicting the
field distribution [144, 145]. For frequencies higher than 27.12MHz, cal-
culation or simulation with full-wave models becomes necessary as the co-
herence of EM fields in tissues can already be observed [146]. Thus, the
prediction of the electromagnetic field in the treated region is much more
difficult at higher frequencies without proper numerical tools.
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A few decades ago, low frequency techniques were popular because it is
easier to predict the field (quasi-static), and the cost of the applicator design
is also lower. More important, the EM power at low frequency provides
much better penetration depth than at high frequency [147, 126]. Although
electromagnetic focusing is a weak characteristic at low frequency, some
tumors still can be heated by the thermal preference due to the difference
in the physiological properties between the tumor and healthy tissues. The
vasculature in most solid tumors is immature, so the perfusion cooling abil-
ity in the tumors is worse than that in normal tissues. Therefore, the thermal
pattern could still be “’selective” when the applicator works in an unfocused
manner [148].

However, if the treated tumor is close to large vessels, the cold spot in
the tumor due to the vessels becomes a challenging issue [134]. In addition,
relying on the thermal preference implies that the thermal distribution de-
pends heavily on the inhomogeneity of tissues with less or no control. This
weakness may induce unavoidable cold spots in the tumor and hot spots
in healthy tissues. At high frequency, the coherence can concentrate the
EM power on the tumor better, but the penetration depth is shallower. In
general, the engineering complexity of applicator design is higher at higher
frequency. Therefore, the trade-off between focusing, penetration and engi-
neering complexity is critical in the frequency selection for a HT applicator
design [149, 150, 151].

In this review, the techniques of hyperthermia applicators with non-
invasive EM fields at low frequency are categorized in three parts. The first
two parts are the applicators using capacitive and inductive coupling with
single element, respectively. Although the fields in this range of frequencies
may be not strictly quasi-static, there is still only an electrical or magnetic
field dominant. Thus, the principles and performance characteristics of these
two methods are quite different. The section ends with a discussion on fo-
cusing EM fields at low frequency because, as mentioned above, the field
concentration is a challenge for applicator design at low frequency.

9.1.1 Capacitive Coupling

Capacitive coupling using external EM power was the earliest method of
conducting HT as it is straightforward and has good penetration depth. The
conduction current induced by an E-field is the source of the thermal energy.
The basic design uses two metal plates as a pair of electrodes placed at
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opposite sides of the treated region and excited with anti-phase. The E-field
between the electrodes induces conduction current in tissues as the heating
source. The three-electrode applicator is another typical design (Figure 9.1)
[152]. The conduction current in the tissues can be manipulated by adjusting
the magnitude and phase of the voltage on each electrode. Water boluses
filled with de-ionized water are placed between the electrodes and the tissues
for cooling the superficial part of the tissues and for better coupling of the
E-field.

However, one of the significant disadvantages of this type of applicator
is excessive heating of the subcutaneous fat layer. The dominant E-field
component of the applicators is perpendicular to the surface of the patient. If
the difference in permittivity between tissues is significant, such as between
muscle and fat, the boundary condition induces much higher E-field in the
tissues with lower permittivity. A simple example provided in [147] shows
that at 27.12MHz the power absorbed by fat can be eight times higher than
that by muscle. Thus, the thickness of a patient’s fat layer is limited to 0.5cm
[134] or 1.5cm [144, 141] for HT with electrode applicators .
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Figure 9.1: A three-electrode capacitive applicator proposed in [152]. The
magnitude and phase of the excitation on each electrode can be adjusted to
manipulate the fields. The boluses are filled with de-ionized water to reduce
the temperature on the surface of the tissues.

Recently, different configurations of the electrodes have been reviewed
with numerical simulations using a finite-element method under quasi-static
conditions [144]. As seen in Figure 9.2, five electrode applicators for heat-
ing pelvic tumors were studied. The first one is the original design, and it
shows a dramatically excessive E-field deposited in the fat layer. The second
design significantly improves the excessive superficial heating and generates



9.1. LOW FREQUENCY METHODS 117

more uniform thermal distribution in the tumor. The third and forth scenar-
ios are the applicator in Figure 9.1 operated in different modes of excitation.
Although the design provides the flexibility to control the fields, the problem
of excessive heating of the fat layer still exists. Finally, the fifth design gen-
erates the most uniform field in the treated region and the highest flexibility
of field manipulation.

Overheating of the fat layer is always the critical problem for electrode
applicators, so they are only suitable for patients with a large tumor and
a thin fat layer [144, 141]. To overcome this problem, two designs were
proposed to provide E-field polarization parallel to the interface [153, 154].

Firstly, as seen in Figure 9.3, a pair of ring electrodes is excited by a
RF source at 13.56MHz or 27.12MHz to heat the homogeneous cylindrical
phantom [153]. Because the electrodes are placed in the direction parallel
to the phantom axis, the E-field polarization is also parallel to the phantom
surface. Consequently, the superficial heating problem can be significantly
improved. In addition, the SAR pattern in Figure 9.4 shows the applicator
is able to provide a uniform thermal pattern in cylindrical phantoms with
different thicknesses (7.7, 13.5 and 24cm). A more uniform SAR pattern is
observed within thinner phantoms. Note that a water bolus is not added in
the experiment.

The second design proposed to provide a parallel E-field is shown in Fig-
ure 9.5; a coaxial TEM applicator [154]. Although this design is listed in
capacitive coupling in this review, the heating mechanism is radiative cou-
pling. Those applicators which will be shown in the Multi-Element Section
conduct HT also with radiative coupling, but the coaxial TEM applicator is
a single-element design. The patient is placed inside the inner conductor of
a huge coaxial cable. For skin cooling, the inner conductor is filled with
water instead of using a conventional water bolus, and this method can re-
duce the pressure on the patient due to the water and also avoid the small air
gaps between the patient and water bolus. There is an aperture between the
inner and outer conductor of the applicator (Figure 9.5(b)), and the E-field
with parallel polarization “leaks” out from this aperture to heat the patient
(Figure 9.5(a)). The SAR pattern can be slightly modified by adjusting the
size of the aperture.
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Figure 9.2: Five different configurations and the E-field distributions of ca-
pacitive coupling hyperthermia with electrodes [144].
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Figure 9.3: The applicator consists of a pair of capacitive ring plates to
provide E-field with parallel polarization to the phantom surface [153].

Figure 9.4: The SAR distribution of the applicator in Figure 9.3 with 15cm-
separated capacitive ring plates in the 13.5cm thick cylinder phantom with
a 0.2cm gap between the ring and the phantom [153].

9.1.2 Inductive Coupling

In capacitive coupling, the E-field is the source of thermal energy. The mag-
netic field, or H-field, can also be used at low frequency as the source for
HT, and this is called inductive coupling. As the magnetic field is domi-
nant in inductive coupling, the eddy current induced in tissues is the heating
source in the patient instead of the conduction current. The difference in
permittivity between tissues such as fat and muscle is not significant to the
static (or quasi-static) H-field, so the problem of excessive heating of the fat
layer does not exist in inductive coupling.

There are three basic ways of conducting HT with inductive coupling:
concentric, pancake and coaxially paired coils, as shown in Figure 9.6 [155].
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(@) (b)

Figure 9.5: The coaxial TEM applicator proposed in [154]. (a) The patient
is placed inside the inner conductor filled with water and (b) heated by the
power emitted from the aperture between the inner and outer conductor.

These methods are usually operated at lower than 30MHz. Compared to the
pancake approach, coaxially paired coils provide better penetration depth
(Figure 9.7(a)) [155]. In addition, for the same configuration, the applica-
tor with the largest coil size has less superficial heating and therefore better
penetration depth (Figure 9.7(b)). For the method with the concentric coil,
a lower operation frequency (< 13.56MHz) generates a more uniform H-
field in a 15cm radius cylinder phantom [156] (Figure 9.8). However, the
induced E-field, or eddy current, is the actual thermal source, and it has the
same distribution as the vector potential [157]. Due to the skin-effect, the
current induced is still higher in the superficial region even with a uniform
H-field [158]. Therefore, capacitive coupling may overheat the fat layer due
to the difference in permittivity, but inductive coupling could also cause ex-
cessive heat in the superficial region because of the skin-effect. For that
reason, surface cooling using a water bolus is also necessary for the induc-
tive applicators.

In addition to these basic methods, several important designs with in-
ductive coupling are introduced in the following. The first one is named
Magnetrode, as shown in Figure 9.9 [145]. It is a realistic design of the
concentric-coil concept. Practically, the coil system needs to be operated in
resonance for impedance matching and higher efficiency. Thus, a capacitor
is required to compensate the inductance from the coil, but normal lumped
capacitors are not able to handle the system power up to SOOW-1000W. The
magnetrode has a single-turn current sheet as the concentric coil. The cur-
rent sheet overlaps at the feeding position without contact to provide the
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Figure 9.6: Three basic methods of inductive coupling with loop(s): pan-
cake (left), coaxially paired coils (middle) and concentric (right) [155].
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Figure 9.7: (a) The pancake coil (dashed line) versus the coaxially paired
coils (solid line) in terms of H-field square along with depth. (b) Compar-
ison of different paired coils sizes in terms of the ratio of H-field square
between skin and the center of the body [155].

capacitance for resonance. In addition, a transformer is added for matching
the input resistance, and the two adjustable capacitors are tuned for different
loads (patients). Clinical results shows that the magnetrode is able to heat a
tumor in the liver effectively [148].

Some studies and applicator designs have used helical coils [159, 160].
The coils are operated at half or full-wavelength resonance. However, sev-
eral limitations with this type of designs are mentioned in [161], for exam-
ple, sharp resonance and load-dependency. Besides, the EM power pattern
depends greatly on the load and is not easily controlled. Finally, these ap-



122 CHAPTER 9. HYPERTHERMIA REVIEW

1356 MHz

2712MHz.

[ «068MHz

o "
00 003 006 _ 003 012 015
radius , m zert

Figure 9.8: The magnetic fields of a concentric coil in a 15cm radius cylin-
der phantom at different frequencies [156]. The electrically smaller loops
generate a more uniform magnetic field.
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Figure 9.9: The magnetrode proposed in [145]. It consists of a rolled con-
ducting sheet as the concentric loop and matching circuit. The overlapped
part of the sheet provides capacitance to make the applicator work in reso-
nance.

plicators are usually longer than 30cm, and so are only available for extrem-
ities. In [162], the pitch angle of the helical coil applicator is optimized.
The study suggests that the direction of the current should be parallel to the
phantom axis, which implies that a helix may not be an ideal structure for
inductive HT.

Consequently, applicator designs with a parallel current direction were
proposed [163, 146]. The first design was reported in [163], and the en-
hanced design is called the twin-dipole applicator (Figure 9.10) [146]. The
two conducting strips are placed parallel to the phantom axis and excited
as two in-phase current sources at 27MHz, which inherently produce coher-
ence inside the phantom to improve the penetration. The parallel plates at
both sides of the current sources are the capacitors for tuning the applica-
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tor operated in resonance. The current sources are also excited by the two
smaller feed loops to increase the input resistance. Figure 9.11 shows the
SAR distribution normalized along with the depth of the cylindrical phan-
tom with simulating materials of fat and muscle. The coherence produced
by the two in-phase current strips causes two SAR-peaks in the phantom.
However, as the SAR peaks occur inside the phantom instead of in the su-
perficial part or fat layer, the problem of excessive surface heating is signif-
icantly improved with this design using coherence.

Figure 9.10: The twin-dipole applicator proposed in [146]. The two current
strips are the current sources to heat the phantom whose axis is in the X-
direction.

Another applicator design, called the inductive aperture-type applicator,
or IATA, was proposed with the same current direction [164]. The heating
source is a one-turn, square metal strip as a current sheet (Figure 9.12). The
current sheet induces a strong eddy current in the tissues and clinical tests
show that the applicator is able to heat a large tumor at significant depth
[164]. This work is listed as a radiative applicator in [164] but the heating
mechanism is inductive coupling. Other clinical results using this applicator
suggest that the IATA is suitable for large or superficial lesions [165].

Another design using a current sheet as the heating source was proposed
in [166]. The concept is similar to the IATA, but it is much lighter and
smaller (Figure 9.13). The applicator can be applied to a large range of
frequencies as it has tuning geometry, i.e. adjustable capacitance to com-
pensate for the inductive reactance from the current sheet. This applicator
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Figure 9.11: The SAR distribution normalized in the cylindrical phantom
with the twin-dipole applicator [146]. The coherence makes the peak-SAR
occur inside the phantom instead of at the surface.
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Figure 9.12: The Inductive Aperture-Type Applicator, or IATA, proposed in
[164]. The metal sheet is excited with RF source as the thermal source.

can also be used as elements in an array for conducting superficial hyper-
thermia.

9.1.3 Focusing Techniques

Field concentration and manipulation are very important issues of hyper-
thermia performance, but these, however, are also the major disadvantages
of the low frequency approach [167]. Because of the long wavelength, the
EM fields are difficult to concentrate in tissues and the field distribution
strongly depends on the inhomogeneity of the tissues. Nevertheless, there
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Figure 9.13: An applicator design using a current sheet as the thermal source
that is light and small [166]. The overlapping part of the current sheet and
the feeding disk provide tunable capacitance to the applicator resonant with
different loading.

are still some methods manipulating EM power in tissues at low frequency.
Most of them are comprehensively summarized in [168]. Focusing tech-
niques can be a new design or the combination of single-applicator designs.
For example, Figure 9.14 shows the application of two IATAs (Figure 9.12)
to create a peak of eddy current in the phantom [168].

bolus balua

heating
material

JIATA IATA

e 1y p

=G
.
=

Figure 9.14: Combination of two IATAs (Figure 9.12) to achieve peak E-
field at the center of the phantom [168].

Because of simplicity, portability and cost, two applicator designs for
breast tumors using adjustable magnetic flux were suggested [169, 170]. To
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control the magnetic flux in the tissue, the two designs use ferrite cores with
shielding plates operated at 4MHz. Figure 9.15 depicts the configuration
and the magnetic flux generated. By adjusting the positions of the ferrite
cores and the shielding plates, the magnetic flux can be controlled to heat
breast lesions.

r Power amp ]—.I Power meter |

Applicator

Shield plate

Heating body

(2) (b)

Figure 9.15: (a) The configuration and (b) the simulation result of the in-
ductive hyperthermia system using a pair of ferrite cores. The magnetic flux
is adjustable by changing the positions of the ferrite cores and the shielding
plates [170].

Another example of field concentration by combining different appli-
cators is shown in Figure 9.16 [171]. The design combines the ring ca-
pacitor plates applicator (Figure 9.3, [153]) and the twin-dipole applicator
(Figure 9.10, [146]). As the illustration in Figure 9.16 shows, the induced
currents from the two applicators have a constructive and destructive com-
bination at different locations in the phantom. Thus, the E-field (or SAR)
in the phantom is not only concentrated inside the phantom, but also has a
single-bell distribution instead of double-bell.
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Figure 9.16: Illustration of the focusing method by combining the ring ap-
plicator (Figure 9.3) and the twin-dipole applicator (Figure 9.10) [171]. The
constructive and destructive combinations of the E-fields from the two ap-
plicators generate a SAR distribution with a single peak in the phantom.

9.2 Multi-Element Operation

In the section above, hyperthermia techniques with external EM power at
low frequency (up to 100MHz) were reviewed. Although an EM field has
better penetration depth in tissues at lower frequency, lack of coherence re-
sults in the field distribution being mainly determined by the material prop-
erties and geometry of the tissues. That results in unexpected hot spots in
healthy tissues and/or insufficient SAR in part of the treated tumor. There-
fore, interest has recently been growing in multi-element designs [16]. The
frequency used in array application ranges from 70MHz (for the pelvic re-
gion) to 2.45GHz (for the superficial region). The advantages of using an
antenna array include better coverage for superficial hyperthermia, higher
power focused in deep regions and the ability to steer the EM field distribu-
tion by different settings of the excitation coefficients.

However, applicator design using an antenna array is a great engineer-
ing challenge. It includes antenna and array design, patient positioning,
optimization of excitation coefficients and clinical considerations. The re-
view of phased array starts with the applicators treating superficial tumors.
Without the problem of penetration depth, hyperthermia for the superficial
region is easier and has better results than deep-region HT. Applicator de-
signs using phased array for treating deep-seated tumors in different regions
are then discussed, and the regions heated include the pelvic region, head
and neck, breast and extremities. In phased array, the EM fields in tissues
are not only determined by hardware design, such as antenna arrangement,
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but also by the magnitude and phase of each element input, or the excitation
coefficient. Hence, techniques to find the optimal arrangement of excitation
coefficients are also reviewed.

9.2.1 Array Designs for Superficial Hyperthermia

The thermal pattern for superficial hyperthermia (SH) needs to be broad,
shallow (<3-4cm) and adjustable [16]. Small and light radiating elements
are also required for practical reasons [172]. Array applicators have ad-
vantages over single-element applicators [173]. An antenna array can have
broad and uniform coverage with reasonable weight. In the case of a single
element, each applicator would need to be uniquely manufactured to con-
form to a patient’s body, whereas a multi-element array could repeatedly be
re-configured to conform to any patient’s body shape. Moreover, steering
power deposition is also possible by an array to avoid undesired hot spots
[174]. Three kinds of SH applicators are introduced in this section: waveg-
uides, microstrip antennas and current sheets. To evaluate the performance
of SH, the Effective Field Size (EFS) is defined as the area enclosed by the
50% ISO-SAR contour at a depth of 1 cm to quantify the heating area.

Waveguide Designs

An applicator using waveguide is one of the earliest examples of using ther-
mal energy for therapeutic purposes [175]. The dominant E-field component
of a rectangular waveguide is tangential to the surface, so the fat layer is not
overheated. Waveguide is also able to carry very high power because of its
strong mechanical structure [16]. As the E-field in the dominant mode, such
as TE;( in a rectangular waveguide, is not uniform on the aperture, the SAR
distribution below the aperture is not uniform either. Several designs im-
proved this by loading dielectric in the waveguide or horn antenna [16]. In
addition, many waveguide applicators are filled with water to decrease the
size and reflection on the interface [176, 177]. To enhance the EFS, an ac-
tive slot antenna array was proposed by adjusting the amplitude and phase of
each element [178]. In addition, a modified horn antenna applicator called
the Lucite Cone Applicator (LCA) at 433MHz was proposed [179, 180].
Compared to conventional horn antenna applicators, the two walls parallel
to the E-field of the LCA are made of Lucite instead of metal, and a PVS
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cone is inserted in the applicator (Figure 9.17). This design has a larger EFS
than conventional horn antennas.

Figure 9.17: The conventional horn antenna applicator (left) and the pro-
posed Lucite Cone Applicator (right) to enhance the EFS [179].

In [181], the authors proposed a modified water-loaded box-horn appli-
cator. A box-horn applicator (Figure 9.18(a)) can provide a more uniform
E-field at the aperture because both TE;y and TE3( are propagating modes.
Moreover, the box-horn can be further modified to offer a bigger aperture for
SH without decreasing the field uniformity. A comprehensive analysis of the
modified box-horn shows significantly better performance in array applica-
tion than conventional horn antennas [182] and negligible mutual coupling
between the box-horns [183].

Water bolus is also used in SH applicator design. The study of the water
bolus effect with water-loaded waveguide for SH shows that a thicker water
bolus is not significant to penetration depth but can change the shape of the
effective field from elliptical to circular [184].

Microstrip Antenna Designs

SH applicators using microstrip antennas have some advantages over waveg-
uide applicators, such as smaller size, reduced weight and lower cost. Ap-
plicator designs with microstrip antennas operating at 433MHz or 915MHz
for SH were therefore developed [172]. However, some disadvantages ex-
ist in conventional rectangular or circular microstrip antennas for SH ap-
plication. Firstly, the near-field is not symmetric for microstrip antennas
and that causes non-uniform field distribution [185]. Secondly, because the
resonance of the microstrip antennas occurs in the substrate, a significant
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Figure 9.18: (a) The box-horn applicator has a more uniform E-field at the
aperture than conventional horn antennas because both TEy and TE3( prop-
agate. (b) The modified box-horn applicator provides a larger aperture for
superficial hyperthermia [181].

difference in permittivity between the substrate and the water bolus results
in mismatch and poor efficiency [174]. Adding a superstrate layer above
the antenna can improve the mismatch problem [172]. Finally, a certain dis-
tance is required between the antenna and the tissues (>3cm) because the
near-field has a strong E-field component normal to the patient’s skin [172].
This problem can be solved by applying a thicker water bolus.

With respect to the different shapes of microstrip antennas, the annular-
slot microstrip antenna has the smaller size, better transmission efficiency
to the water bolus and a circularly symmetric SAR distribution compared
to the rectangular microstrip antenna [174]. If more than one frequency
is considered in the same applicator, a microstrip spiral antenna provides
broad bandwidth as the radiation mechanism is based on traveling wave
[174]. It has been applied to an array design [186]. As the near-field of a
spiral antenna is not evenly distributed, a rotating spiral antenna was investi-
gated [187]. The rotation extends and smoothes the heating pattern, and the
system is operated at 400MHz instead of 915MHz for deeper penetration
(3cm). The array using spiral antennas for SH is also commercialized [188]
and has a third-party performance evaluation [189]. Figure 9.19 shows the
array, named SA-812, used in this evaluation. Antenna 1 is larger than the
others for filling the null-field area between Antenna 1 and the surrounding
elements. The evaluation shows that the applicator is able to cover a region
up to 12cm in diameter and 2cm in depth. In addition, different shapes of
heating pattern are also possible with this applicator.

Another SH applicator design, called the Contact Flexible Microstrip
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Figure 9.19: The commercialized applicator for SH (named SA-812 [188])
using a spiral antenna array. Its performance is evaluated in [189].

Applicator (CFMA), is shown in [190] and the operation principle is ana-
lyzed in [191]. The geometry of the CFMA is shown in Figure 9.20 and the
tissue treated is placed below the silicon bolus. There are capacitive and in-
ductive CFMA for 70MHz and 434MHz, named CFMA-70 and CFMA-434,
respectively [192]. The two ends of the electrodes, left side of e; and right
side of e,, are short and open circuit for inductive and capacitive CFMA,
respectively. The excitation is placed between the shield electrode and the
active irradiating electrodes. For inductive CFMA, only e; or e, is excited.
For capacitive CFMA, both e; and e5 are excited, and an external inductor
connects the two excitations to compensate for the capacitance brought by
the two electrodes. The performance of the CFMA-70 was recently evalu-
ated and compared to CFMA-434 and 70MHz waveguides [192]. Compared
to CFMA-434, the CFMA-70 produces a larger EFS and deeper penetration,
and is insensitive to bolus thickness. The CFMA-70 has a larger EFS than
the 70MHz waveguide, but a larger normal E-field component. This induces
hotspots at tissue interfaces.

Recently, interest has been growing in multi-functional applicator de-
signs for SH. A relatively early design uses two antennas to conduct SH and
non-invasive thermometry respectively [193]. As shown in Figure 9.21, a
spiral antenna was chosen as the thermal sensor receiving the blackbody ra-
diation from tissues because of its high directivity. The square annular slot
dual-concentric-conductor (DCC) aperture is responsible for SH because
DCC has larger EFS and a more uniform field.
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Figure 9.20: The contact flexible microstrip applicator (CFMA) designed
for superficial hyperthermia [191]. e; and eq: active irradiating electrodes;
sh: shield electrode; s: substrate; w: inter-electrode gap; 1: silicon frame;
2: thin silicon bolus; 3: silicon lugs.
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Figure 9.21: The dual-mode applicator design for SH and non-invasive
thermometry [193]. (a) The spiral antenna and the square dual-concentric-
conductor (DCC) annular-slot antenna are designed for radiometric sensing
of blackbody radiation and conducting SH, respectively. (b) The water bolus
and tissues treated are placed below the front layer (F).

A multilayer conformal applicator was developed for SH treatment of re-
current breast cancer in the chest wall [194, 195]. The DCC antenna shown
in Figure 9.21 was also used in this applicator design [195]. The applicator,
as shown in Figure 9.22, is able to administer a thermal and a radiation dose
simultaneously. The layer of thermal catheters is for thermometry. The mi-
crowave (MW) PCB array with the MW connectors is an array of microstrip
antennas as the radiators for SH treatment and spaced by a water bolus for
skin-cooling. Above the antenna array, the brachytherapy source catheters
offer radiotherapy at the same time to maximize the efficacy of hyperthermia
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treatment as an adjuvant modality. The air gaps between a patient’s skin and
the water bolus is always an issue that significantly affects the heating per-
formance as the water bolus does not conform the body’s shape well. In this
design, the shape of the applicator is designed as a vest (Figure 9.23). Dur-
ing treatment, the air bladder is inflated to significantly improve the contact,
or reduce the air gaps, between the applicator and tissues.

Brachytherapy source :\_/\
catheters Stretch fabric

Air bladder
N MW connectors

catheters © 5§ mm water bolus

Figure 9.22: The multilayer conformal applicator proposed in [194] includes
thermal catheters, a water bolus, a microstrip antenna array, brachytherapy
source catheters and an air bladder.

Inflated air bladder

Figure 9.23: The multilayer conformal applicator in Figure 9.22 is like a
vest for the treated patient. The inflated air bladder can significantly reduce
the air gaps between the water bolus and a patient’s skin [195].

Current Sheet Designs

In the review of low frequency techniques, an inductive applicator with a
current sheet was introduced with the advantage of smaller size and reduced
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weight (Figure 9.13 [166]). The current sheet applicator was also applied
in an array design for SH [196, 173]. This study suggests that coherent
operation is not necessary and incoherent operation may have better ther-
mal performance for SH. For instance, if the fat layer is thicker than 2mm,
incoherent operation produces a broader EFS, as shown in Figure 9.24.

SN

A

Figure 9.24: The field distribution of (a) the coherent and (b) incoherent op-
eration of the array consisting of current sheet applicators. The rectangular
box shows the size of the array and the contours are |E|? with 10% interval
[173].

(a)

9.2.2 Phased Array Designs for Deep-Seated Tumors

For deep-seated tumors, the most important issues for HT are penetration
depth, field manipulation and effective heating volume. Considering these
three issues, phased array is a reasonable choice because of the following
advantages. Firstly, the coherence of the EM field in tissues produced by
multiple radiators means that the field strength does not decay exponentially
along with depth. Secondly, as there are multiple radiators, the area illumi-
nated on the superficial region is much larger than that with a single element.
Thus, much higher total power can be delivered without excessive heat on
the skin, which indicates higher thermal exposure of the target and deeper
penetration in tissues. Finally, combinations of excitation coefficients of the
phased array provide much more flexibility for field manipulation in tissues.
The manipulation can be applied to avoid discomfort caused by hot spots
in healthy tissues and to concentrate more power on the cold region of the
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target.

In early designs, such as [197, 16, 198, 199], only the first and the second
advantages applied because the optimization of excitation coefficients is a
challenging issue. The considerations for a phased array design for deep-
seated tumors include:

e Array design: antenna design, the number and arrangement of the
antennas and frequency selection.

» Radiation environment: patient position, water bolus, patient geome-
try [200] and tumor size/location.

 RF circuit: impedance match, power delivery and feedback measure-
ment.

* Practical issues: fabrication, water bolus (shape and circulation), cost
and the influence of the additional objects such as fixture and ther-
mometry.

Because of geometrical differences and the inhomogeneity of the human
body, specific design of applicators is necessary for tumors in different re-
gions. In this section, a review of applicator design is divided by treated
regions, i.e. the pelvic region, head and neck, extremities and breast. In
addition, some studies about choosing the number and arrangement of an-
tennas for a phased array applicator are also reviewed.

Pelvic Region

Tumors in the pelvic region, such as cervical and rectal cancer, are typical
targets for deep-heating applicators. The most common designs for this re-
gion are the Sigma-family applicators, i.e. Sigma-60, Sigma-Eye and Sigma-
60-Ellipse from BSD Medical Corporation [188, 201]. Figure 9.25 shows
the Sigma-60 and the Sigma-Eye applicator. 60’ and ’Eye’ indicate the di-
ameter and the shape of the applicators, respectively. Figure 9.26 shows a
patient undergoing hyperthermia treatment with a Sigma-60. In addition to
these three applicators, there is another Sigma-family applicator with a sim-
ilar design but different size (30cm diameter), named mini-annular phased
array (MAPA) in [202] (and also a 40cm-diameter design). MAPA only has
four pairs of dipole antennas and is designed for treating extremities [202].
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Figure 9.25: Hyperthermia applicators for deep-seated tumors in the pelvic
region from BSD Corporation; (a) Sigma-60 and (b) Sigma-Eye [201]

Figure 9.26: A patient undergoing hyperthermia treatment with the Sigma-
60 applicator [201].

It was also used in an investigation of conducting HT with non-invasive
thermometry using magnetic resonance imaging (MRI) [203].

The Sigma-60-Ellipse has a similar antenna design and arrangement as
the Sigma-60, but is able to treat larger patients (Figure 9.27). The heating
performance of the Sigma-60-Ellipse has been compared to the Sigma-60
(75-90MHz) and the Sigma-Eye (100MHz) and shows that the three appli-
cators have similar thermal performance [201]. Table 9.1 shows the compar-
ison between the three Sigma-family applicators. Electrically short dipole
antennas are used as the radiators in these applicators. As two radiators



9.2. MULTI-ELEMENT OPERATION 137

are connected to one amplifier output in this design, the number of driving
ports is half that of the radiators. Figure 9.28 shows the feeding structure
as an example. In the Sigma-60 and the Sigma-60-Ellipse, each ring in the
transversal plane has four pairs of radiators. The Sigma-Eye has two more
rings in the Z-axis (patient axis) and more radiating elements. The idea of
having more rings is to provide the ability to steer the SAR not only in the
X-Y plane but also in the Z-axis. However, since the Sigma-Eye has many
more radiating elements, the engineering complexity is also significantly
higher. The comparison between the Sigma-60 and the Sigma-Eye reported
in [204] suggests that both applicators are feasible in clinical application. In
addition, the Sigma-60 and the Sigma-Eye are more suitable for the pelvic
region and upper abdomen (including the liver), respectively.

Figure 9.27: An improved design of the Sigma-60, the Sigma-60-Ellipse
[201]. It has similar performance but a bigger treatment area for larger pa-
tients.

The feeding structure of two antennas connected to one input raises the
complexity of impedance matching, numerical modeling, estimation of un-
certainty budget and unbalanced current (or sheath current as referred to in
[205]) [206, 205]. As seen in Figure 9.28, a short-circuit stab is added to
compensate for the capacitance from the pair of short dipole antennas. Both
numerical and measurement validation approaches were proposed in [206]
to control the input signal precisely. FDTD in one dimension is applied
as the numerical tool, and three measurement approaches are combined to
estimate the behavior of the feeding network. Moreover, in this feeding
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H Sigma-60 | Sigma-Eye | Sigma-60-Ellipse

Frequency (MHz) 60-120 100 80-100
Antenna length (cm) 45 14 45
Array diameter (cm) 58 38 x 53 37 x 53
Length (cm) ~ 36 ~ 50 ~ 50
Drive ports 4 12

Radiators 8 24

Table 9.1: Comparison between the Sigma-60, the Sigma-Eye and the
Sigma-60-Ellipse in terms of physical configuration [201]. The length is
the bolus-patient contact length.

structure, it is necessary to add ferrite rings to the feeding coaxial cable
to suppress unbalanced current; but ferrite rings are not MR-compatible.
Three feeding structures were therefore suggested in [205] to obtain suffi-
cient impedance matching without unbalanced current or ferrite rings. A
long-term (15 years) clinical study reports that the Sigma-60 is reproducible
in generating 40 — 40.5 °C in cervical tumors on 444 patients [200].

TOP VIEW

RING A
feed-point P, (left) E
RIN Gx

“Y-branch” (left)

amplifier output P,
RING C

Z
- “common Y-arm” {
|« feed-point P,™ (right)
“Y-branch” (right)
"2.50m

20.7 cm
. SIDE VIEW
. 13cm
“Y-junction”
tuning stub

Figure 9.28: The arrangement and feeding structure of radiating elements in
the Sigma-Eye applicator [206].
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Beside the Sigma family of applicators, another applicator design com-
patible with MRT was developed in [207]. The applicator consists of 12
WAter-COated Antenna (WACOA) modules fed independently (Figure 9.29).
Each module consists of a modified dipole antenna, water, feeding and tun-
ing structure. The tuning structure can be adjusted for different patients to
ensure impedance matching in each case. Thus, no external feeding circuit
is needed in this applicator (Figure 9.30). The WACOA applicator is oper-
ated at I00MHz and there are two rings that each consist of six independent
dipole antennas (Figure 9.31). The dipole antennas are operated in full-
wavelength resonance or anti-resonance (or voltage resonance as referred
to in [208, 207]). Because wave impedance in water is much lower than
in air, the resonant or anti-resonant resistance of a dipole antenna is also
much lower. Thus, the resonant resistance is too low to match 50 Ohms, but
the anti-resonance provides good matching to 50 Ohms and also a broader
bandwidth. In addition, a full-wavelength dipole has a sharper beam in the
longitudinal direction than a half-wavelength dipole.

Figure 9.29: The configuration of a patient being treated with the WACOA
applicator [207].

Compared to the Sigma family, WACOA does not need an external cir-
cuit for impedance matching and unbalanced current suppression, and each
antenna is fed independently. The modeling complexity is therefore much
lower. That leads to faster and more accurate numerical simulations and
lower uncertainty in practical usage [208]. Unfortunately, there is no report
of clinical trials with this applicator.

In addition to dipole antennas, waveguide radiators are also used to con-
duct HT in the pelvic and esophageal regions. The original design in clinical
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Figure 9.30: The geometry of a single WOCOA module [208]. The tuning
structure means that the WACOA module does not need an external match-
ing circuit.

Figure 9.31: The antenna arrangement of the WACOA applicator for HT in
the pelvic region [207]. 12 full-wavelength dipole antennas are placed on
the two rings.

use at the Academic Medical Center (AMC) in Amsterdam is called AMC-
4. This has four 70MHz waveguide radiators surrounding the treated region.
Furthermore, a novel applicator named AMC-8 has been evaluated with ho-
mogeneous phantoms [209]. This applicator has one more antenna ring than
the AMC-4, i.e. eight waveguide radiators (Figure 9.32). Compared to the
AMC-4, the AMC-8 has more accurate targeting and is able to reach higher
tumor temperatures.

In addition to the above designs, other theoretical studies have been con-
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Figure 9.32: The HT applicator using eight 70MHz waveguides at the Aca-
demic Medical Center (AMC) in Amsterdam, called AMC-8 [209]. The
AMC-8 consists of two four-element rings.

ducted using planar or curved waveguide arrays for deep-region hyperther-
mia [210, 211]. These studies, however, have not yet produced validation
results with measurements or more realistic scenario simulations.

Head and Neck

In an early design, coherence in a homogeneous neck phantom was demon-
strated experimentally with an applicator consisting of four water-filled horn
antennas [198]. However, no applicator was proposed for clinical trials of
deep-seated tumors in the head and neck region until the HYPERCcollar ap-
plicator [212, 213].

The whole HYPERCcollar applicator system includes the antenna array
(HYPERCcollar), water bolus system and positioning system (Figure 9.33)
[213]. The water bolus system circulates the water to maintain the water
temperature. The positioning system locates and fixes the patient’s position.

The HYPERCcollar is operated at 433.92MHz (ISM band), and the power
delivered by each antenna is up to 150W. The antenna array consists of two
rings of radius 40cm with six radiating elements on each ring. The elements
between the rings are staggered, and a cylindrical conducting plate is used
as the ground plane. Figure 9.34(a) shows a homogeneous phantom tested
with the HYPERcollar. A water bolus filled with de-ionized water is placed
between the radiating elements and the patient. The staggered arrangement
reduces the mutual coupling between the elements and uniforms the incident
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Figure 9.33: The HYPERcollar system for tumors in the head and neck re-
gion. It consists of the HYPERcollar antenna array, positioning system and
water bolus system. A healthy volunteer was placed in the HYPERcollar
applicator for a feasibility test [213].

wave around the patient. The arrangement thus provides more flexibility for
steering the fields. The rationale of the HYPERcollar configuration is re-
ported in [214, 215, 216, 212]. The radiating elements are patch antennas
with coaxial input (Figure 9.34(b)). The patch antenna is inexpensive, light,
easy to construct, smaller and has no need of a matching circuit. The ele-
ment design was simulated by FDTD [17] and validated by measurements
to show the feasibility for different conditions, such as water temperature
and patient load [217]. The phase I clinical trials show promising results for
this design [212].

Breast Region

The two designs already reported above for deep-region hyperthermia, i.e.
the Sigma family and the HYPERcollar, have been modified for HT for
tumors in deep regions of the breast [218, 219]. The applicator shown in
Figure 9.35 is the modification of the Sigma-60. Four pairs of dipole anten-
nas operate at 140MHz. Good validation agreement is obtained when the
applicator is filled with de-ionized water without a human phantom. One
study [219] has compared the efficacy between EM and ultrasonic power in
breast hyperthermia using numerical simulation [17]. The two EM applica-
tors tested in the study are the original and the modified HYPERcollar. As
seen in Figure 9.36, both breasts have to be placed in the original HYPER-
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Figure 9.34: (a)The two antenna rings with six elements on each ring in
stagger. (b) Patch antennas are chosen as the radiating element because they
are light, small, self-matching and low cost [217].
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Figure 9.35: The applicator for the breast modified from the Sigma-family
applicators [218].

collar whilst the modified applicator is able to treat each breast individually.
Compared to the original HYPERcollar, the modified applicator has better
efficiency, but does not improve focusing.

A spherical slot array has also been suggested as a hyperthermia appli-
cator for the breast [220]. The applicator design is a concentric hemisphere
with slots as radiators (Figure 9.37); a and b are the inner and outer radius
of the cavity, respectively. The radiators are four slots on the inner side of
the cavity, and the radiated power is inherently focused on the center of the
hemisphere. As it is light and easy to handle, the applicator is suitable for
heating spherical tissues such as breasts [220].
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(a) (b)

Figure 9.36: Configurations of (a) the original HYPERcollar and (b) the
modified HYPERCcollar with the tested breast tissue [219].
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Figure 9.37: A spherical slot array proposed in [220]. The inner side of the
concentric hemisphere has four slots. The treated region, such as a breast, is
covered by the applicator and heated by the power radiated from these slots.
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Antenna Arrangement and Patient Positioning

The number and arrangement of antennas are important in phased array ap-
plicators. For cylindrical phased arrays such as the Sigma family, more an-
tenna rings and more antennas per ring generally provide better focusing in
more tissue regions and give more tolerance in positioning [149, 150, 151].
However, the number of antennas in an applicator is limited by some prac-
tical problems such as applicator size, mutual coupling between antennas,
the number of power amplifiers, the complexity of steering the field and the
simulation time for treatment planning. Optimization of antenna number
and arrangement is therefore a critical issue in phased array design for deep
hyperthermia [150, 214, 212].

The study in [221] numerically demonstrates that if all antennas can be
positioned perpendicular to the focal point, which may not be at the center
of the applicator, the focusing performance can be improved. This phe-
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nomenon underlines the importance of patient positioning. Recently, two
studies have reported the influence of patient positioning in SAR perfor-
mance with the Sigma-Eye and the Sigma-60 [222, 223]. The three position-
ing directions investigated were lateral (left-right hand), anterior-posterior
(back-front side) and patient axis (head-feet). The studies show that patient
positioning in the lateral direction is less sensitive and can also be accurate
in practical applications. The anterior-posterior direction is more sensitive
and more difficult to position precisely. In addition, the optimal position
in the patient axis may not be at the center of the applicator. A position-
ing error of less than 1cm in all three directions is recommended when the
Sigma-60 is used [223]. These studies highlight not only the importance
of precise patient-positioning but also the requirement of real-time thermal
measurement to calibrate the positioning error with the Sigma-family appli-
cators. Moreover, although the EM or thermal distribution can be manipu-
lated by adjusting the excitation coefficients, the performance of an applica-
tor also strongly depends on the physical geometry, which includes not only
the phased array but also the patient position. Therefore, it is also possible
to optimize the patient position to enhance the performance. The parameters
of this optimization include the array geometry, patient position and tumor
location [224].

9.2.3 Optimization of Excitation Coefficients

For superficial hyperthermia, concentration of EM power with a multi-element
applicator is not a significant issue because a broad but shallow thermal dis-
tribution is required. However, for HT for deep-seated tumors the concen-
tration of EM power on the desired region is critical. The field distribution
not only depends on physical geometry but also on the excitation coeffi-
cients. For this reason, optimizing the excitation coefficients (magnitude
and phase of each input) is an important topic in phased array heating of
deep-seated tumors. Optimization is a great challenge due to the following
reasons. Firstly, the geometry of human tissues is extremely complicated,
and so the behavior of EM fields is also complicated and not easy to manip-
ulate. In addition, the clinical preparation time before HT needs to be short
on both comfort and cost grounds. The setting of excitation coefficients may
be changed during the treatment based on a patient’s feedback or measured
results, and thus the process of the optimization needs to be fast enough in
clinical application. Finally, the distributions of SAR and temperature are
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sometimes significantly different. Thermal distribution in the human body
can not yet be simulated accurately due to complicated vasculature and the
nonlinear thermal behavior in tissues [225, 226]. Thermal measurement is
still necessary in clinical application because of the inaccuracy of thermal
simulation.

To steer the fields precisely requires:

 Fast and accurate EM/thermal simulation
* An efficient algorithm to optimize the excitation coefficients

* Comprehensive and accurate thermal measurement during the treat-
ment.

In spite of these difficulties, field manipulation is critical in hyperthermia
performance as it means the patient is able to withstand the treatment for
a sufficient time without comfort issues and the tumor can be heated with
fewer or no cold spots.

The review of optimization of excitation coefficients is divided in two
subsections by time. The optimization methods proposed in the last century
only tried to optimize the EM power within simplified human models. The
methods developed recently have better performance and take more con-
sideration of practical issues. The tools applied in these methods include
numerical algorithms, hardware and patient feedback. All of these meth-
ods try to find the optimal excitation coefficients based on more realistic
conditions.

Early Methods

The Method of Moments (MoM) and Green’s function were considered as
numerical tools for optimization. In [227], the method firstly simplifies the
slice of the target tissue in a patient’s anatomical model into 235 subvolumes
and calculates the deposited EM power in each subvolume with Green’s
matrix. Then, the desired power is set in the focused region, and the ratio
between the summation of the power in the subvolumes of the unfocused
region and that in the focused region is minimized. The minimization is
conducted with the steepest descent method using the Fletcher-Powell ap-
proach. The parameters of minimization include both the amplitude and
phase of each excitation. The scenario studied in [227] is a hexagonal pla-
nar array in stratified inhomogeneous media (water and tissues). The focal
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point is set several centimeters away from the array instead of at an infinite
distance as in conventional array design.

Moreover, in [228], a layered cylindrical phantom is used to simulate the
human, and |E|? in the phantom is calculated using Green’s function for lay-
ered media [229]. The fields due to four waveguide elements are optimized
with the following requirements using the penalty function method. Firstly,
minimize the square error between the calculated field and desired field in
the target. Then, constrain the field outside the target to be lower than a cer-
tain level. Also, MoM is applied to solve a layered elliptical phantom for a
circularly arranged array with a PEC reflector behind [230]. The excitation
coefficients are optimized by conjugate field matching with consideration of
mutual coupling.

With respect to hardware, a convenient and simple but invasive method
was demonstrated in [231]. In the receiving mode, a set of signals (mag-
nitude and phase) are received by the applicator elements from the probe
inserted in the tumor (Figure 9.38(a)). With the reciprocal property of this
network, the conjugate of the signals received are transmitted by the ele-
ments to create a focal point at the location of the probe (Figure 9.38(b)).

(@ (b)

Figure 9.38: The method proposed in [231] includes (a) the receiving mode
to obtain the focusing excitation coefficients and (b) transmitting mode to
conduct hyperthermia according the excitation coefficients obtained in the
receiving mode.

A method to optimize the excitation coefficients with external E-field
sensors was suggested in [232]. As shown in Figure 9.39, in addition to
the four radiating elements for administering the thermal dose, a sensor is
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placed in the target and three sensors are placed on the surface away from
the target as the centers of null-field areas. The feedback signals from the
three null-field sensors and the one target sensor are calculated with the
modified steepest decent method to focus the EM power on the target sensor
whilst making the three null-field sensors receive the lowest EM field. Thus,
because the areas around the null-field sensors also have low field strength,
the deposited power can be focused in the target without excessive heat in
healthy tissues. Animal tests and clinical trials were conducted using this
approach with two waveguide radiators [233, 234]. As described above,
the adaptive phased array had one E-field probe inserted in the target tumor
and several probes attached to the skin of the patient. The radiators (two
waveguide antennas in this case) were adaptively controlled by these probes
to generate focus and null-field areas in the tumor and in healthy tissues,

respectively.
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Figure 9.39: Excitation coefficient optimization with four E-field sensors
[232]. The target sensor is inserted in the tumor; the three null-field sensors
placed on the surface are the centers of the null-field areas.

Several problems were found in the early methods of optimizing ex-
citation coefficients. First of all, the human models were over simplified.
This simplification leads to inaccurate field distribution predictions, which
may cause hotspots or underestimation of the target temperature. Secondly,
thermal result was not considered, and therefore the optimized excitation
coefficients may not be optimal. Thirdly, the time required for the opti-
mization was too long for clinical application. Finally, there were usually
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only several measurement points for the methods using hardware. A few
measurement points are not enough to find the optimized excitation coeffi-
cients. Therefore, optimization methods with better performance were still
required.

Recent Methods

To overcome the problem of optimization time, [235] shows a fast method
of maximizing the ratio of the absorbed power on the target and the rest
region. The ratio is turned into a generalized Eigenvalue problem [236],

Ap = \-Bp. ©.1)
* p: the Eigenvector which represents the excitation coefficients.

* A and B: the matrices characterize the deposited power distributions
in the target and the rest region respectively.

* \: the Eigenvalue, or the ratio of deposited power between the target
and the rest region.

The largest Eigenvalue is desired and the corresponding Eigenvector, or
the excitation coefficients, is the optimized result. The iterative process of
optimization can therefore be reduced into a generalized Eigenvalue equa-
tion to save optimization time. Moreover, genetic algorithms (GA) are also
applied in the optimization with finite element method (FEM) [237] and
FDTD [238]. The factor of evaluating the fitness of the goal is called the ob-
ject function, and six different object functions were tested with the method
of FEM+GA [239]. It appears that the most suitable object function was
different for the scenarios simulated.

Although optimizing the excitation coefficients based on temperature
could provide better performance, calculation of the thermal result from
EM fields in the optimization process requires an unacceptably long time
in clinical application. Thus, several methods have been proposed to try to
conduct temperature-based optimization within a clinically reasonable time.
In [240], the process of obtaining optimized excitation coefficients based on
the temperature distribution is:

* Build the numerical model of the patient with computed tomography
or MRIL
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e Simulate the EM fields and thermal distribution with a low resolution
patient model to obtain the optimized excitation coefficient vector .
The corresponding SAR and temperature distributions are represented
as SAR™™® and TR respectively.

* Obtain the SAR distribution on the high resolution model (SARMR)
from SAR™® by using the quasi-static zooming technique and calcu-
late THR accordingly. Note that both the SAR™® and TR distributions
are based on the v derived in the previous step.

* When the excitation coefficients are being optimized with the high
resolution model, the new corresponding temperature distribution on
the high resolution model (T5®(, , 2)) can be approximated as

HR T5* — Too e
Ty (2,9,2) ® o= (T1" — Uoo) + Ugo, 9.2)
T7" —Too
where TER and TSR are the thermal distributions of the current and
next iteration, respectively. Tog and Ugq are the boundary conditions
for the low and high resolution scenarios, respectively.

Thus, the thermal result is in high resolution to maintain accuracy, but
the optimization is mainly conducted with the low resolution model for a
short optimization time. This method was applied on 16 oesophageal cancer
patients with the AMC-4 applicator at 70MHz [241]. The AMC-4 applicator
is similar to the AMC-8 (Figure 9.32) but has only one ring of waveguide
radiators. Three settings of excitation coefficients were tested;

» Calculated: the setting is optimized by the method mentioned above.
¢ Clinical: the setting is optimized based on clinical experience.

* Mixed: the calculated excitation amplitude is applied with the clinical
excitation phase.

The measurement results show that the mixed setting induces higher tumor
temperature than the other two settings. Moreover, the calculated setting
can heat the tumors more effectively, that is, less total power delivered with
similar tumor temperature.

Another method of reducing the computation time of temperature-based
optimization is to reduce the computational dimensions by Model Order
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Reduction (MOR) techniques [242, 226]. Firstly, consider the SAR value at
a point in a tissue due to M elements:

_ S8 P
SAR = o Z z]: uiETEu;, 9.3)

where u; and u; are the 447, and j, excitation coefficient in M elements,
respectively. E; and E; are the E-fields due to i, and j; element, respec-
tively. The E-field, or SAR, in tissues due to each source can be simu-
lated with regular numerical methods like FDTD [17]. The simulated SAR
is the source in the Bio-Heat Transfer Equation (BHTE) and, during the
temperature-based optimization, MOR is applied to reduce the computa-
tional dimensions of BHTE. BHTE is incorporated with nonlinear behavior,
that is, temperature-dependent perfusion rate, and MOR is available only
for a linear system. Therefore, the matrix has to be separated into linear and
nonlinear parts:

%:KLX+KN(X)+b 9.4)

where x is the temperature and b represents the effects of both ap-
plied power and perfusion. K and Ky(-) are the linear and nonlinear
matrices, respectively. To reduce the scale of Equation 9.4, the MOR tech-
nique, named the Karhunen-Loeve transform or KL transform, is used (Fig-
ure 9.40) [226]. After the reduction, the calculation of BHTE from the EM
field takes a much shorter time, and the temperature-based optimization can
be fast enough for clinical practice.
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Figure 9.40: Model Order Reduction applied to reduce the scale of the linear
part of the calculation of thermal distribution from EM fields (BHTE) in
temperature-based optimization [226].
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A different optimization approach reported in [225] is based on solving
BHTE by measuring temperature distribution using Magnetic Resonance
Thermometry (MRT). Firstly, the BHTE is transferred into finite-difference
time-domain form, so the temperature at time step k+1 at point X can be
predicted from the temperature at time step k at and around x. The un-
known parameters of this equation are the influences on current temperature
at and around x, and the thermal sources (or sinks) due to EM power and
physiology. The excitation coefficients can be optimized by the generalized
Eigenvalue method (Equation 9.1) if these unknown parameters are identi-
fied. To find the unknown parameters, the finite-difference BHTE can be
converted into matrix form:

y[k] = S[k]6, 9.5)

where y[k] is the vector representing the temperature distribution pre-
dicted at time step k; S is the regressor matrix which contains past measure-
ments and the excitation coefficients; 6 represents all the unknown parame-
ters in BHTE, which is determined by using recursive least squares method:

Ok + 1] = 0[k] + R[K] (y™**[k + 1] — S[K]0[K]), (9.6)

where y™¢%$[k + 1] and R are the temperature distribution measured
and the update matrix, respectively. Therefore, unknown parameters are
refined by the temperature measured during this process. It usually needs
N2 measurements to identify the parametric model §for an array with N
elements. Once these unknown parameters are found, the connection be-
tween the temperature and the excitation coefficients is established. Again,
the optimal excitation coefficients can be found by the generalized Eigen-
value method to maximize the ratio of temperatures in the target and healthy
tissues.

Nevertheless, the interval time between the N2 measurements could be
up to about 10 minutes due to thermal dissipation [243]. In addition, these
linearly independent thermal patterns are not usually focused in the treated
region. Thus, the clinical preparation time with unfocusing power can be
very long if the applicator has many elements. Two solutions have been
demonstrated for solving these two problems, i.e. long interval time and
unfocusing power delivery [243]. As the temperature decay of thermal dis-
sipation is known to be exponential in form, it is possible to compensate
for the cumulative effect in the measurement interval. The preparation time
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can thus be significantly reduced due to a shorter interval time. The second
solution is for the problem of the long unfocusing input sequence. Firstly,
the thermal distribution can be connected to excitation coefficients (%) with
a system matrix,

T(t, zi, 5, 26) = @7 - [Si k] - G, 9.7)

where H indicates the complex conjugate transpose, u represents the set
of excitation coefficients, and [Si, 7 k} is the system matrix that needs to be
filled. The system matrix represents the relationship between the excitation
coefficients and the temperature at the location (z;, y;, zi). In [225], M?
linearly independent measurement results are required to fill the system ma-
trix for a M-element applicator, but this method sets each input in a focused
manner and the procedure is:

* The initial estimate of « is derived from the optimized results of nu-
merical simulations, so it is in a focused manner. The simulation
model can be simplified for shorter simulation time. Then, the first
thermal image is measured accordingly.

* The first approximated system matrix can be obtained using least-
squares error approximation.

* The temperature ratio between the tumor and the rest region can be
turned into the generalized Eigenvalue problem as in [235]. The ma-
trix of this Eigenvalue equation is the summation of the system matri-
ces at every point in the tumor. The Eigenvector corresponding to the
largest Eigenvalue is the input for the next iteration.

* The above procedure is repeated until all the required thermal images
are gathered.

The required thermal images for the exact system matrix could be more
than M? as it is possible that not all the inputs are linearly independent of
each other. However, no unfocused input is applied during the collection of
the measurement results.

A further improvement is proposed by the concept of virtual sources
[244]. A virtual source is a set of excitation coefficients. N linearly inde-
pendent virtual sources can be set to represent M physical elements with
N < M such that N2 < M?2. Therefore, as only N? thermal images are
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needed instead of M2, the time required for filling the system matrix can be
much shorter. The excitation coefficients are optimized before the treatment
by numerical simulations with a simpler model, and the system matrix in
this optimization is the arithmetically averaged system matrices in the tu-
mor. The virtual sources are the first few Eigenvectors of this optimization
from numerical simulations. The numerical and experimental validation of
this method shows application feasibility on soft-tissue sarcoma in the ex-
tremities [245, 246].

Apart from the methods mentioned above, there is a simple but efficient
approach to optimize excitation coefficients that is based on patient feed-
back. If feedback of the patient being treated can be considered in the opti-
mization, the optimization process is much simpler and still includes phys-
iological information [247, 248]. Figure 9.41 shows the process of obtain-
ing the optimal excitation coefficients with the complaint-adaptive method.
First, the patient’s numerical model is built and the EM field of this model is
simulated with the applicator being used. Then, an initial optimization of the
excitation coefficients is conducted numerically to obtain the first estimation
of the excitation coefficients in the clinical application. If no complaint is
received from the patient after some time undergoing HT with the optimized
excitation coefficients, the input power is increased to enhance thermal per-
formance in the tumor. If the patient complains of discomfort or pain in
a certain region, the region is weighted in the optimization settings. The
excitation coefficients are re-optimized to reduce the power in this region.
This process is iterative until the maximum power acceptable for this patient
has been reached. The optimization algorithm can be the generalized Eigen-
value method [235] so that all optimizations before and during the treatment
can be completed in a very short time [120]. Although the optimization is
based on SAR, this method is able to effectively reach the maximum power
that can be delivered to each patient individually.

9.3 Other Hyperthermia Modalities with Exter-
nal EM Fields

In the previous sections, low-frequency and multi-element applicators have
been reviewed. In addition to these designs, there are also many novel ap-
proaches developed for conducting hyperthermia treatment in deep regions.
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Figure 9.41: The process of complaint-adaptive power density optimization
proposed in [247].

These approaches include the application of lenses (including metamate-
rial), reflectors and ultrawide-band microwave to concentrate EM power on
deep-seated tumors.

9.3.1 Lens

An early design combining a waveguide radiator and a lens to create field
concentration is shown in Figure 9.42 [249]. The lens consists of a curved
opening, metal plates and is filled with dielectric. The dielectric is used to
match the material difference between the waveguide and tissues (or water).
The metal plates divide the opening into some sub-elements, and the curved
opening makes the “array” generate coherence in the tissues.
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Figure 9.42: The applicator with lens shown in [249]. The lens has metal
plates and is filled with dielectric and a curved opening. It can concentrate
the field emitted from the waveguide on the center of the curve.

Since the curved opening is not easy to apply on patients, another de-
sign with a flat opening was proposed in [250] and is shown in Figure 9.43.
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To create the phase difference of waves separated by the metal plates, the
curved side of the metal plates is placed inwards in the waveguide. Due to
manufacturing difficulties, this design is also further modified by a waveg-
uide radiator that is partially filled with dielectric [251].
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Figure 9.43: The improved design of the lens over that in [249]. The appli-
cator is shown on two perpendicular planes on (a) and (b), respectively. The
curvature is inward, and the flat opening makes it more clinically applicable.

Interest recently has been growing in the study and applications of meta-
materials, also in hyperthermia [252]. Figure 9.44 shows how the irradiative
fields are concentrated by using a metamaterial lens. As negative transmis-
sion index is possible in left-handed metamaterials (LHM), LHM can focus
the EM field radiated by a point source in tissue, like the breast, when the
material properties and relative distances between the three layers are prop-
erly designed.

8]

coupling
medium LHM lens breast model

Figure 9.44: The negative transmission index of the left-handed metamate-
rial can be applied to focus EM fields in breast tissue [252].
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A study of field concentration in breast tissue with a LHM lens was con-
ducted by 2D FDTD in [252] (Figure 9.45). Four radiating sources were
aligned with the target and four LHM lenses were placed between each ra-
diating source and the tissue. Promising results were obtained in this study,
although there are still many unsolved issues such as matematerial manu-
facture, 3D study and measurement validation.

A

x(incm) -

S20

coupling
medium

#3

50% heterogeneous
breast tissue

Figure 9.45: The 2D numerical study of breast HT using LHM lens [252].
Four radiating sources (S1-S4) are aligned with the tumor and four LHM
lenses are placed between each source and the breast.

9.3.2 Reflectors

Focusing the EM field in a treated region with reflectors was suggested in an
early design [199]. Properly designed reflectors may provide better concen-
tration and emission suppression. In [253], field concentration is generated
in a ellipsoidal cavity that has two foci (Figure 9.46). This applicator is de-
signed for heating brain tumors and this idea is developed from radiometry
for brain temperature and conductivity [254]. The antenna and the human
head are placed on the two focal points in this beamformer. The opening
on the right side is for patient access. The operation frequency is 1-4GHz
depending on the penetration depth and heating volume.

As seen in Figure 9.47, the wave radiated from the antenna is focused
in the head. This applicator has been validated with phantoms and healthy
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Figure 9.46: An ellipsoidal cavity with an antenna inside was proposed as
a hyperthermia applicator for brain tumors [253]. The antenna and patient’s
head are placed at the two focal points of this cavity. The opening on the
right is for patient access

volunteers. Furthermore, in addition to carefully choosing operation fre-
quencies and the size of the ellipsoid, two methods have also been shown to
enhance the concentration: filling the cavity with low-loss/high-permittivity
material and covering the head with one or several dielectric layers [254].
Both can reduce the reflection on the tissue-air interface and consequently
enhance the power deposition in the target. The cavity filled with dielectric
is more portable because the physical size is smaller for the same frequency.

Focus

Figure 9.47: The EM field radiated by the antenna from a focal point is
re-focused at the other focal point where treated target is located [253].

Another applicator design with reflectors was proposed for treating breast
tumors in [255]. As shown in Figure 9.48, the breast being treated is soaked
in a water-filled therapy tank which contains a pair of radiating elements
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with two reflectors, or mirrors as referred to in [255]. The radiated EM
fields are reflected and concentrated in the treated region by the two mir-
rors. A 2D numerical study was conducted to find the optimal curvature of
the mirrors [255]. For given regions for the mirrors as well as the locations
of radiators and target, a ray-tracing technique was applied to find the cur-
vature of the mirror that makes all the traces emitted from the radiator reach
the target. The optimized curve is shown in Figure 9.49. Both a generic
phantom and a real breast model were tested in this 2D study.

A - Deformable Mirror B - Source C-Therapy Tank

Figure 9.48: The configuration of the applicator for breast tumors proposed
in [255]. The treated breast is placed in the therapy tank. The EM field is
radiated from a pair of antennas and concentrated on the tumor by a pair of
mirrors.
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Figure 9.49: The shape of the mirrors in [255] is optimized in a 2D study
with a ray-tracing technique.

A multimode cavity was developed in [256] to administer thermother-
apy. The patient being treated is partially placed in a cavity that allows many
high order modes. These modes can be manipulated by choosing the loca-
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tions of excitation, and the tuning probes and the fields can be concentrated
by coherence between these modes.

9.3.3 Ultrawide-Band Microwave

Recently, there has been growing interest in both imagining and hyperther-
mia treatment of breast tumors using Ultrawide-Band (UWB) microwave
(1-10GHz) [257, 258]. Early-stage breast cancer detection is critical for
breast cancer treatment in terms of clinical response. In addition to regular
imaging techniques such as X-ray, MRI and ultrasound, alternative methods
are also being developed to enhance comfort, ionized radiation exposure
and cost. UWB Microwave imaging is one of the approaches that appears
to have a promising future [257].

The basic concept of breast cancer detection using UWB radar is to first
place radiators around the breast under detection (Figure 9.50). Secondly,
each antenna transmits a UWB signal into the breast in sequence and the
other antennas receive the backscattered signal. Post-processing of these
backscattered signals, such as microwave imaging via space-time (MIST)
beamforming [259], depicts the profile of energy scattered in the breast. As
the permittivity of the tumor and normal tissues are significantly different in
the breast (more than 2 times different in the RF and microwave frequency
range), the scattered energy from the tumor is significantly different from
healthy breast tissue. A tumor size smaller than 0.5cm can be detected using
UWRB radar [257].

As UWB radar is able to precisely describe the energy profile, reci-
procity of electromagnetic waves can also be applied to generate energy
concentration in the target [258]. The process of transmission signal is
shown in Figure 9.51. Finite Impulse Response (FIR) filters are used for
compensating for the dispersive effect of the UWB signal and the time-delay
vector is used for creating coherence of the UWB signal on the treated tu-
mor. The setting of the FIR filters and the time-delay vectors is based on the
received signals in the cancer detection [258]. In addition, UWB has been
numerically proven to give better performance in HT than narrow band sig-
nal [260]. In addition to MIST beamforming, a time reversal (TR) technique
using UWB was also demonstrated for hyperthermia treatment and it shows
similar performance to MIST [261]. This method was firstly developed and
applied to the therapy using ultrasound, and it is also based on reciprocity
of sonic waves. Moreover, a numerical study shows that a data-adaptive
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beamforming method, called the Robust Capon Beamformer (RCB), can be
combined with TR to generate tighter focus than MIST beamforming [262].
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Figure 9.50: The two configurations of cancer detection and hyperthermia
treatment using UWB microwave [258]; (a) supine (face-up) position, suit-
able for small breast volumes and tumors adjacent to the chest wall and (b)
prone (face-down) position, easier to access full volume of breast.
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Figure 9.51: Process of emission signals on each antenna for hyperthermia
treatment using UWB. The FIR filters and time delays are for compensation
of dispersion and coherence generation on the tumor, respectively [258].
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9.4 Discussion and Summary of the Hyperther-
mia Review

The techniques of hyperthermia treatment using external electromagnetic
power, such as low frequency approaches, antenna array and other strate-
gies, have been reviewed in this report. In this section, some general topics
of non-invasive HT with EM power are discussed. First is a summary of all
the methods reviewed in this report. Then, since the water bolus is used in
almost all external applicator designs, the reasons for using a water bolus
are summarized. Finally, since hyperthermia treatment is a highly interdis-
ciplinary application, the technological challenges and expertise required in
this modality are discussed.

9.4.1 Summary of the Applicators Based on Non-Invasive
EM Power

Low frequency applicators (from lower than 4MHz to about 100MHz) use
capacitive (E-field dominant) or inductive (H-field dominant) mechanisms
to heat patients, mostly with a single element. These methods may provide
sufficient penetration depth for deep-seated tumors, but the SAR or thermal
distribution strongly depends on the geometry of the tissues. For inductive
coupling, the eddy current distribution depends greatly on the conductivity
of the tissues. Thus, unexpected or undesired hot spots may emerge due to
the complicated distribution of conductivity [168]. Moreover, the eddy cur-
rent induced with inductive coupling is mainly in the superficial region due
to the skin effect. Capacitive coupling may overheat the fat layer because of
the significant difference in permittivity between fat and other soft tissues.
In addition, although some focusing techniques have been proposed, the fo-
cusing performance of low frequency applicators is still limited. This may
induce hotspots and cold spots in healthy tissues and the tumor, respectively,
and both would significantly decrease the treatment efficacy. Therefore, the
low frequency applicators reviewed seem not to be suitable for the general
application of HT. However, as they are simpler to engineer, these meth-
ods may still be suitable for heating large tumors or for biological research
[141]. Moreover, there is growing interest in a HT approach using mag-
netic nanoparticles [123, 263]. The material properties of the treated tumor
is changed by injecting the fluid with magnetic nanoparticles, or magnetic
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fluid. The patient is exposed to a low-frequency magnetic field which in-
duces heat on the tissues dosed with magnetic fluid [264].

Due to the disadvantages of low frequency applicators, more recent stud-
ies have focused on developing applicators using antenna array at higher fre-
quencies (from 70MHz to 150MHz for the pelvic region, 434MHz for the
head and neck region, and 400MHz to 2450MHz for superficial regions).
Superficial hyperthermia with an antenna array is easier from an engineering
point of view because of penetration depth and no need for a complicated
algorithm to optimize the excitation coefficients. Thus, some applicators
for superficial hyperthermia have been commercialized [188]. One of the
novel designs is able to conduct brachytherapy and HT at the same time
by using a multi-layer applicator. For deep regions, although phased array
provides the possibility of manipulating deposited energy, it creates many
more engineering challenges. The first of these is accurately predicting the
thermal distribution and comprehensive thermal measurement. The lack of
these causes the entire treatment to have no solid base from both the engi-
neering and medical perspectives. Secondly, where RF and microwave are
concerned, the human body is extremely inhomogeneous and has very com-
plicated geometry. Optimal parameters such as frequency, antenna num-
ber and antenna arrangement are different in different regions of the human
body, and they may not be easily found or realized. Finally, for every given
scenario, there should always be an optimal set of excitation coefficients
to contribute the highest efficacy of hyperthermia treatment. The optimiza-
tion techniques include numerical methods (such as generalized Eigenvalue
equation and mode-order reduction) and measurement using magnetic res-
onance thermometry. Because of theoretical and practical reasons, these
optimization algorithms may also be difficult to develop and implement.

The engineering difficulties and performance limitations of phased ar-
ray encourage research on alternative methods of conducting hyperthermia
treatment for deep-seated tumors, such as metamaterial, reflectors and UWB
microwave. Most of this research is still in the stage of numerical studies
or has only been validated with simple phantoms, and no further measure-
ment validation or clinical trials have so far been reported. However, these
methods have good theoretical support. In addition, the target region for
most of the techniques introduced in this section is the breast. The material
properties of tumor and breast tissues are very different to EM power at RF
or MF, so the focusing performance should be better than the treatment in
other regions. Therefore, these methods appear to be promising and should
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be worth further investigation in the future.

9.4.2 Water Bolus

A water bolus is common in most applicator designs. It is placed between
the heating sources (coils, antennas, etc.) and the patient. The water bolus
has multiple functions [134]:

* Reduce the reflection: the material properties of tissues are very dif-
ferent from that of air. The water bolus makes transmission of the EM
field into the tissue with less reflection from the surface.

» Surface cooling: excessive superficial heating is a common problem
in hyperthermia treatment. A water bolus with water circulated at
a constant temperature can cool down the skin. Thus, the delivered
power can be higher without burning the skin.

* Positioning: patient positioning is one of the important causes of un-
certainty. The water bolus can be used as a fixture to anchor the pa-
tient to the applicator and thus reduce the uncertainty of patient posi-
tioning.

* Suppressing the emission: because of the great difference in permit-
tivity between water and air, the water bolus can keep the leakage of
the EM field at a safe level.

* Decreasing the antenna size: for the phased array approach, the num-
ber of antennas is important to the performance. Because of the high
permittivity of water, the water bolus helps in increasing the antenna
number by decreasing the antenna size significantly.

* Isolated from tissues: as the antennas need to be close to the tissues
for superficial hyperthermia, the presence of a thin water bolus en-
sures that the resonance and impedance matching of the antennas is
not influenced by the geometry and material properties of the tissues.

* Broader bandwidth: the wave impedance in water is much lower than
that in air, so the input impedance around anti-resonance might also
be much lower than that in free-space. For this reason, resonant types
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of antenna, such as dipole and slot antennas, can be operated in anti-
resonance and the impedance bandwidth is broader than that in reso-
nance [208, 207].

Therefore, and especially for superficial hyperthermia, water bolus de-
sign is also significant for thermal performance. This includes the shape
[265, 184] and the water temperature [266] of the water bolus.

9.4.3 Technical Challenges and Expertise Required

Although many clinical trials have reported positive results by using HT as
an adjuvant modality, it is still not globally accepted. As well as political
issues, there are still many technical challenges facing hyperthermia treat-
ment. First is the SAR performance of the applicators. As mentioned above,
it is very difficult to concentrate EM power on deep-seated tumors without
creating excessive heat in normal tissues. In addition, prediction and mea-
surement of the thermal distribution in the tumor and normal tissues is an-
other complicated issue. One of the most important factors determining the
thermal distribution is blood flow. As vasculature is massive and intricate,
especially for capillaries, estimation of thermal performance in tissues by
numerical simulation is not easy and is not accurate enough. Furthermore,
the thermal characteristics of tissues and blood flow keep changing with dif-
ferent temperatures, and so temperature measurement during treatment is
necessary [134]. For HT, the temperature in the tumor is the decisive factor
in the clinical response [135], and thermometry is therefore essential in de-
termining the performance of HT. Moreover, repeatability is also one of the
important issues in clinical application. Hyperthermia treatment with each
applicator design has to be repeatable at different times and at different sites
to allow multi-center studies. Clinically, therefore, quality assurance of ap-
plicators becomes significant [129, 267]. Finally, the treatment scheduling
is of course also significant. It should be scheduled to maximize synergis-
tic effects between the modalities and minimize the toxicity brought by RT
and CT [131, 137]. For example, both normal tissues and tumor cells have
thermotolerance but at different levels. That affects the thermal dose and the
interval between the treatments [135].

Hyperthermia treatment is an interdisciplinary application. In engineer-
ing, expertise in many different fields is required:



166

CHAPTER 9. HYPERTHERMIA REVIEW

Medical/biological support from hospitals: this includes biological
knowledge, target selection, performance evaluation, clinical feasibil-
ity and trials, etc.

Thermal engineering: although electromagnetic power is delivered,
thermal energy is the source of medical efficacy. Thus, thermal en-
gineering is also critical in this application. The mission of thermal
engineers includes development and realization of thermometry, in-
terpretation of thermal distribution in tissues, etc.

Antenna and RF-circuit engineering: this covers applicator design and
patient position. The fabrication of applicators and measurement val-
idation require the expertise of RF engineering.

Numerical engineering and computer science: for the development
of numerical EM/thermal simulation tools, algorithms for optimizing
excitation coefficients, data process and acquisition during measure-
ment or clinical application, and user interface of treatment planning
tools.

Integration: the integration of these professions is obviously of impor-
tance. It needs to accomplish compatibility and cooperation between
these domains, analysis of results and quality assurance.



Chapter 10

A Novel Applicator for
Hyperthermia Treatment in
the Head and Neck Region

10.1 Introduction

The current standard treatments for cancer in the head and neck region
(H&N), excluding the eyes, brain and skin (Figure 10.1), are radiation ther-
apy and chemotherapy [212]. However, the treatments are not very effective
and additionally a side effect of these therapies is damage to healthy tissue.
As there are many important tissues in the H&N region, these side effects
may seriously affect the patient’s quality of life. Problems can include diffi-
culty in eating, swallowing and speaking [212].

On the other hand, so far only minor unwanted toxicity has been found
following hyperthermia treatment (HT) and this is a unique feature in cancer
treatments [212]. The most common side effects are burns on the skin or un-
wanted heating of other regions giving pressure sensations. More important,
it is reported that radiation therapy or chemotherapy combined with HT for
tumors in H&N region can enhance local tumor control and/or survival rates,
as seen in Table 8.1. The results of the clinical trials in Section 8.2.3 show
that HT is a very effective treatment for H&N cancer when well controlled.

167
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Figure 10.1: The sagittal view of the head and neck (H&N) region [212]

As discussed in Section 9.4.3, effective and efficient HT is an interdisci-
plinary engineering problem with significant challenges. Using a phased ar-
ray is a common approach for HT on deep-seated tumors, such H&N cancer
(see more details in Section 9.2.2). However, the applicator design proposed
in this study is quite different from conventional antenna array for telecom-
munication purpose [217]. Conventional antenna arrays are designed to
transmit EM power forming different far-field beam shapes. Phased array
applicators for HT are not designed to generate particular far-field radiation
patterns but to provide a desired field distribution in a given volume (tumor)
in the near field. Of particular importance is that the target is in a highly
inhomogeneous and lossy environment with complex geometry (the H&N
region) instead of free space, making predictions complex.

The first hyperthermia applicator designed specifically for the H&N
region with clinical trials is reported in [217, 213], named HYPERcollar
(which is also introduced in Section 9.2.2). Two six-element circular arrays
with radiating elements consisting of planar inverted-L antennas (PILAs)
operated at 433.92 MHz, which is a frequency of an ISM Band. Most fun-
damental studies about applicator design for the H&N region have been
done in [214, 215, 216] which include analysis of single element, arrange-
ment of elements in the array, evaluation of heating performance and human
phantom design, etc. This first design had several issues with substantial
room for improvement. Firstly, PILAs are not the best choice. As the an-
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tenna elements are 3D structures operated in water, durability and mechan-
ical strength are critical issues with minor impacts able to cause significant
changes. Additionally, they are smaller than the antennas used in this study,
but as the radiating environment is not lossless (deionized water), the bene-
fit of reduced size may result in undesirable efficiency reduction. From the
point of view of the applicator array itself, there should be more elements in
front of the H&N region to provide greater heating and/or better focusing in
the target region.

Therefore, this study proposes a novel hyperthermia applicator for the
H&N region to overcome the disadvantages for HYPERcollar!. This chap-
ter is divided into five parts:

* Introduce the numerical methods used for EM simulations and field
optimization, human phantom models and the parameters for evaluat-
ing the performance.

* Analysis of the applicator design, which includes the design consid-
erations and analysis of single element as well as 2D analysis in the
vertical and horizontal planes of the proposed applicator to aid under-
standing of the EM behavior of the array.

* Describe the final configuration of the applicator and the refinements
of the design.

* Investigate clinical-related issues, such as treatment planning, simu-
lation time control and sensitivity to the errors of patient positioning
and excitation coefficients.

* The performance the applicator design is numerically validated with
a real patient. The applicator is also manufactured and has measure-
ment results which well agree with the simulation results.

10.2 Methods and Models
10.2.1 Numerical Methods

The EM performance of the proposed applicator is studied based on numer-
ical simulation. During the development stage, the manufacture of a real

IThis study is published as A Novel Hyperthermia Applicator for Head and Neck Region in
IEEE International Symposium on Antennas and Propagation, 2009
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applicator is relatively more time and cost-consuming than simulation. Ad-
ditionally, simulation provides much more information about the EM field
distribution than measurement, and it is very helpful to have a greater insight
into the EM behavior of a new applicator. Therefore, the design and opti-
mization of the applicator were carried out in the numerical domain. The
commercial FDTD-based EM simulation software, SEMCAD X, was used
for the EM simulation.

For a given configuration of a patient and an applicator, there is al-
ways an optimized distribution of excitation coefficients (input amplitude
and phase of each element), which is difficult to obtain without an optimiza-
tion tool (see Section 9.2.3 for review of the optimization algorithms). This
is therefore another important reason for using SEMCAD X for hyperther-
mia applicator design: it provides a field optimizer to optimize the excitation
coefficients of each antenna to achieve maximum SAR in the target region
and minimum SAR in other tissues [238]. The optimization approaches are
the generalized Eigenvalue method [235] (see Equation 9.1) and genetic al-
gorithm [237, 239]. This provides important information about the optimum
performance with a given scenario. All the hyperthermia performance data
shown in this study are the results after using the field optimizer.

10.2.2 Human Models

Two human models were utilized, a simplified phantom and a full human
model. The first of the two phantoms consists of a SAM head [12] with a
skull, inhomogeneous neck and homogeneous shoulders is for parametric
study and analysis of the applicator design (Figure 10.2). This phantom was
developed as a reasonable compromise between realism with bone and some
inhomogeneous tissues and ability to provide fast simulation times. This
was vital if the full range of optimization and tests were to be performed.
Target regions were defined in the neck and not in the head in this study so
the inhomogeneity of the head is less important than the neck. As the mate-
rial properties of bone are considerably different from other soft tissues, the
skull is therefore still included. The dimensions of the inhomogeneous neck
model follow average values and it includes muscle, bone, cartilage, spinal
cord and trachea [215] (Figure 10.3). In addition, the material properties of
human tissues at 433MHz are taken from the values in the Gabriel database
[268] as shown in Table 10.1.

In order to validate the performance of the applicator design, a real pa-
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Figure 10.2: The human phantom used in this study for evaluating the per-
formance of the applicator (unit: cm). The material of the head and the

shoulders are set as muscle.
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Figure 10.3: The inhomogeneous neck model in the human phantom (unit:

cm) [215].

tient with a tumor in H&N region is also applied in this study. As seen
in Figure 10.4, the CAD file of the patient is built with MR images with
3 mm resolution. In fact, building CAD file of each patient individually is
an important step in treatment planning as discussed later in this chapter.
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433MHz H Muscle ‘ Bone ‘ Cartilage | Spinal Cord
Permittivity 57 13 45 42
Cond. (S/m) 0.8 0.09 0.6 0.45
Density (kg/m®) 1050 1595 1100 1050

Table 10.1: The material properties of human tissues at 433MHz (Trachea
is set as air).

Figure 10.4: A CAD file of a real patient with a tumor is used to validate the
applicator design.

10.2.3 Metrics for Performance Assessment

Six target regions in the neck of the simplified phantom were identified as
possible locations of a tumor (Figure 10.5). Three locations are set in the
neck (Figure 10.5(a)), and each location has a top and a bottom region (Fig-
ure 10.5(b)). As skin usually absorbs a higher SAR than muscle, excluding
the skin (4 mm depth) from the target regions can produce a more realis-
tic estimation of the power that is absorbed in the target. Only the regions
on one side are defined because it was envisaged that applicator designs
would have symmetry, therefore, performance expected to be identical on
each side.

As emphasized in both Chapter 8 and Chapter 9, uniformly heating a
tumor is one of the most critical (and technically challenging) issues for ef-
fective HT, as well as achieving the temperature required for effective HT
(see Section 8.2.2 for more details regarding the thermal dosimetry). Fol-
lowing this idea, two parameters are used in this study to evaluate the SAR
performance of the applicator in each target region, that is, 50%-SAR and
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Figure 10.5: (a) Three locations in the neck and (b) each location has a top
and a bottom region. The six target regions are set as possible locations of a
tumor in the neck.

Targeting Ratio (TR). They are defined with cumulative histogram of SAR
over a target region, as seen on Figure 10.6. Over 50% and 75% of the
target-region volume are heated with SAR higher than 50%-SAR and 75%-
SAR, respectively. Thus, this parameter is used to evaluate the exposure
level of the target region. TR is defined as the ratio of 75%-SAR and 50%-
SAR, which evaluates the homogeneity of heating performance. If TR is
close to 1, the target is illuminated more uniformly. The blue curve in Fig-
ure 10.6 clearly shows better TR than the red curve, which indicates the
heating pattern is more homogeneous. If it is expected that whole tumor is
heated with at least 200 W/kg SAR and the SAR distribution decays linearly
in the tumor, 50%-SAR and TR should be 400 W/kg and 67%, respectively.

Note that the above parameters are for studying the EM behavior of
this applicator and are different to the performance indicators for clinical
response as reviewed in the previous chapter. The ratio of hotspot-SAR
between tumor and healthy tissues, as discussed in Section 8.2.2, is also a
meaningful indicator for the level of the input power available for safety
consideration [133]. However, this indicator does not show the transmission
efficiency from the antennas to the target (50%-SAR) nor the field homo-
geneity in the target (TR). Thus, the hotspot-SAR ratio will be used only in
the validation of a real anatomical model.
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Figure 10.6: 50%-SAR and Targeting Ratio (TR) are defined with cumula-
tive histogram. The blue curve is an example of heating with good homo-
geneity and therefore good TR.

10.3 The Applicator Design

10.3.1 Design Considerations
Elements

As seen in Section 9.2.2, the radiation elements used in phased-array ap-
plicator for deep-seated tumor could be electrically small dipole antennas
(Sigma-family), modified full-wavelength dipole antennas (WACOA), open-
end waveguides (AMC-8) and PILAs (HYPERcolloar). Electrically small
dipole antennas require matching circuit which increases complexity and
uncertainty. Besides, they inherently have narrow bandwidth and therefore
are sensitive to the change of the environment, such as different material
properties of water due to different temperatures. Full-wavelength dipole
and open-end waveguide are too big to have more than 6 elements in a ring
or to have more than two rings, which limits the ability of steering the fields.
The disadvantages of PIFA have been reviewed in Section 10.1.

To avoid those problems, the elements should preferably use thin and
planar structures, so they can be manufactured precisely with phtolitho-
graphic processes and are mechanically strong enough to against the pres-
sure from water bolus. Additionally, the design can be such that the elements
are outside the water bolus and this can prevent erosion of the elements due
to be soaked into water and therefore improve their durability.
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The elements should be self-resonant with broad bandwidth and be matched
without using matching circuits. In addition, low mutual coupling is also
beneficial as this will allow greater flexibility in the choice of element dis-
position also more elements could be placed in an applicator. More elements
might be beneficial to provide better steering performance in order to have
more power coupled into the patient without exceeding the power handling
capabilities or each element. The polarization of radiating E-field should
be parallel to the neck [110]. The beamwidth of each element needs to be
broad enough to cover whole neck so that the focus of the power disposition
can be anywhere in the neck.

Phased Array

To make an applicator capable of focusing energy into a specific region, a
number of individual sources are required where the amplitude and phase of
the sources are individually controllable. This is known as a phased array.
In general, we can say that to focus energy at a given point in a dielectric
body, the elements must be placed around that body. For this reason, a ring
architecture is adopted. The diameter of the ring needs to be large enough
to allow easy placement of the patient and to provide the ability to shift the
patient into an optimum position. Nevertheless, if the ring is too large, the
target region may not have sufficient exposure with a given amplifier output
power. This is a disadvantage considering the cost.

A single ring of elements/sources would only provide the ability of steer
the focus in two dimensions, therefore elements/sources must also be added
in the third dimension. However, the height is limited by the size of H&N
region. Considering the number of elements, it is clear that ideally there
should be as many as possible while the mutual coupling is acceptable.
However, there is an important trade-off with overall complexity which
means that more is not necessarily better. With aid of Field Optimizer, one
can easily determine the contributive elements (the elements having signif-
icant contribution to the target). If the applicator and/or the patient position
are not designed properly, it may happen that only a few contributive ele-
ments focus the power on the target. This leads to insufficient SAR and/or
little possibility of manipulating the field distribution. Therefore, one of
the goals in this study is to maximize the number of contributive elements
in each treatment. The work to achieve this goal includes optimization of
element arrangement and the patient’s position.
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Water Bolus

The reasons for using a water bolus were discussed in Section 9.4.2 and
cover both the patient’s comfort and treatment performance. Although there
are advantages of using water bolus, it may degrade the focusing ability
of the antenna array. If the interface between water and air is close to the
elements, the reflection from the interface may smear the beam as well as
the focusing ability in the patient axis. Thus, the water bolus needs to be
longer than the array in the patient axis.

10.3.2 Single Element Analysis

The antennas used in this array are cavity-backed slot antennas fed with
microstrip lines and coaxial cables (Figure 10.7). The slot is often treated as
equivalent magnetic dipole without the metal ground plane. When the slot
is formed on a ground plane or a PCB, all the dimensions can be controlled
very accurately due to the use of accurate photolithographic techniques in
defining the structure. Hence all the individual elements in an array can
be almost identical. The symmetric geometry makes the far- and near-field
pattern symmetric. Thus, the EM power is radiated toward the target regions
more effectively and the behavior of the EM wave is simpler.

Figure 10.7: The dimensions of a single element, the cavity-backed slot
antenna, of the applicator (mm). It consists of a metal cavity and a ground
plane with a slot and FR4 dielectric fed by a microstrip line and a coaxial
cable

A slot antenna, when operated in air and radiating from the front and
back, will have an essentially omnidirectional radiation pattern. In this ap-
plication, however, the front interfaces with a water bolus of high permittiv-
ity while the rear interfaces with air. This has two consequences: firstly, the
length of the slot for operation at 433.92 MHz is substantially reduced due to
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the high permittivity, and secondly, most of the radiated field is “attracted”
into the high permittivity region even with the absence of the cavity. The
phenomenon can be explained with image theory and has been analyzed in
the application of radar imaging in earth and is observed even when the an-
tenna is resonant in air [22, 23]. The cavity ensures that there is no radiation
from the back of the array. The dimensions of the cavity are not critical and
have very small influence on the performance.

Furthermore, the antennas of the applicator can be operated with high
input power (up to 100 W for each element in this study). Slot antennas
provide excellent mechanical strength in real-world usage against pressure
and erosion due to water because of their simple and printed structure. In
addition, the mutual coupling between the elements is lower compared to
regular dipole antennas [25], so the antenna performance is less sensitive
to the patient loading. In addition, because of the lower mutual coupling,
the behavior of a complete array can be approximated to the combination of
each individual element. Thus, the proposed applicator can be analyzed by
two separate 2D studies.

In free space, impedance matching at half-wavelength resonance of a
slender slot antenna is very difficult because of the high anti-resonant re-
sistance [25]. However, the wave impedance in water is much lower and
so is the anti-resonant resistance. As most of the power is radiated into
the water, the input impedance of the slot antenna around anti-resonance
(Figure 10.8(a)) can be matched to 50 Ohms with broad bandwidth (Fig-
ure 10.8(b)), a similar concept to the antenna design in [208]. Although
the applicator is operated at a single frequency (433 MHz), broad band-
width is still necessary to deal with the change in the environment such
as the temperature-dependent material properties of the water [212]. As
the S;; curve is not symmetric with respect to the minimum reflection fre-
quency, neither the S;;-minimum frequency nor the frequency at which the
impedance is entirely real are at 433 MHz in order to better tolerate envi-
ronmental change. Thus, unlike the Sigma-family applicators [206, 205],
this applicator design does not need any external matching circuit. The dis-
advantages of requiring external matching circuits were discussed in Sec-
tion 9.2.2.
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Figure 10.8: The performance of a single element in terms of (a) input
impedance (solid: real, dash: imaginary) and (b) S1; (dB). The antenna
is matched to 50 €2 in the water with broad bandwidth.

10.3.3 2D Analysis of the Applicator

The analysis of an applicator can be separated into two orthogonal 2D stud-
ies in the horizontal and vertical planes, as seen in Figure 10.9. Providing
the applicator conforms to some basic structural rules. This ability can re-
duce the problem size dramatically and allow more situations to be studied.
The studies provide a physical insight into the EM behavior of the applicator
and serve to find the optimum arrangement of the elements and patient posi-
tions for different target regions. Therefore, the investigation in this section
will be used to refine the overall applicator performance as shown later in
Section 10.4.

In the horizontal 2D analysis, a single eight-element circular array is
employed with the neck model placed at the center (Figure 10.9(a)). As
mentioned in Section 10.3.1, the number of elements are determined by the
issues including cost consideration (number of amplifiers), complexity and
heating performance. In fact, this design has more elements than all the
applicators for deep-seated tumors reviewed previously. In the vertical 2D
analysis, three elements are placed vertically in line with the human phan-
tom (Figure 10.9(b)). The number of elements in vertical direction is limited
by the length of a human neck and mutual coupling between elements but
this is also the first applicator design with three rings.

The separation of the two studies is meaningful only if the mutual cou-
pling between elements is low enough so that the two studies are indepen-
dent from each other. The S-parameter of the elements in Figure 10.9(a)
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(a) (b)

Figure 10.9: The scenarios for analyzing the applicator in the (a) horizontal
and (b) vertical 2D planes.

and Figure 10.9(b) is shown in Figure 10.10(a) and Figure 10.10(b), respec-
tively. The elements have good S1; (lower than -15 dB) with low mutual
coupling (also better than -15 dB), so the two 2D studies are available for
simplifying the scenario without compromising the EM behavior.
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Figure 10.10: The simulated S1; and mutual coupling of elements in the 2D
horizontal and vertical planes (Figure 10.9). The results of good impedance
matching and weak mutual coupling indicate that the analysis of the appli-
cator can be the combination of the 2D studies on two individual planes.
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Horizontal Plane Analysis

In this analysis, to make it a true 2D case, the Absorbing Boundary Condi-
tions (ABCs) are attached on both vertical sides. Only one ring array and
three target regions are investigated, as seen in Figure 10.9(a). In order for
more elements to have a significant contribution, it is important to know the
contribution from each element to a target region. Thus, the neck phantom is
placed at the center and the SAR performance on target region 1 due to each
element recorded. In addition, the SAR results on the superficial region are
recorded separately. The 50%-SAR on the superficial region and target re-
gion 1 due to each element are shown in Figure 10.11. Although deionized
water is filled between the applicator and the patient to reduce the reflection,
the skin region still has a much higher exposure than the deep region of the
neck because of the high conductivity of the tissues. Thus, it is necessary to
exclude the superficial region from the exposure evaluation of the target re-
gions. In addition, only the three elements in front of the target region make
a significant contribution, i.e. elements 1, 2 and 8. Moreover, element 1 has
a higher contribution than elements 2 and 8. If the tumor is at target region 1
and element 2 (or element 8) delivers the same power as element 1, the ap-
plicator may create other hot spots in undesired regions. The results validate
the rationale of having the third ring in this applicator as it provides more
elements at “’line-of-sight” positions to the target regions. Furthermore, it
also suggests that more elements would have a significant contribution if
the patient position allows for more elements with line-of-sight.
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Figure 10.11: The 50%-SAR in target region 1 from each element on the
2D horizontal plane. The skin thickness is 4 mm. The maximum power of
each antenna is 100 W.
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According to [221], the SAR performance of a ring-array applicator can
be improved if all the elements are directed toward the target. This implies
that for a given applicator and target location, there should be an optimum
patient position in the applicator for the performance of HT. For this rea-
son, the neck is shifted in five directions for 5 cm in this study, as depicted
in Figure 10.12. The 50%-SAR and TR are recorded and shown in Fig-
ure 10.13(a) and Figure 10.13(b), respectively. As previously mentioned,
the SAR performance reported is after using the field optimizer. Due to of
the inhomogeneity of the neck, the simulation results are not straightfor-
ward.

Target region 3 has the highest 50%-SAR and TR with the shift 2 po-
sition. Although target region 1 and 2 do not have the highest 50%-SAR
with the shift 1 position, they have the highest TR. Besides, target region
1 and 2 have a similar exposure quantity in the shift 1 position and this is
good for large tumor treatment. Figure 10.14(a) and Figure 10.14(b) are
the 1g-averaged peak spatial SAR (psSAR, ;) distribution while the power
is focused on target region 1 with the phantom at the center and shift 1 po-
sition, respectively. When the phantom is at the shift 1 position, the target
region experiences higher exposure. In addition, the shape of the SAR pat-
tern is also different for the two phantom positions. Target region 1 is more
uniformly illuminated with the shift 1 position. A similar phenomenon is
observed when the power is focused on target region 3 with the shift 2 po-
sition. Therefore, shift 1 and shift 2 positions are applied in the proposed
applicator for heating target region 1/2 and target region 3, respectively?.

2There were unexpected physical phenomena in the Sigma-60 applicator revealed with
FDTD simulation and reported in [269]. Sigma-60 is a commercial HT applicator heating
the tumors in pelvis region with a circular antenna array whose diameter is 60 cm and oper-
ated between 60-120 MHz (please see Section 9.2.2 for more details about Sigma-60.). The
phenomena of high stored energy and the EM mode flipping are due to resonance on its trans-
verse plane at around 110 MHz. The applicator proposed here is electrically much larger than
Sigma-60 (more than 2 times larger in the diameter), so, unlike Sigma-60, it behaves more like
a scattering and propagating problem than a resonator. Therefore, those two phenomena are not
observed in this work. Nevertheless, the third phenomenon, the whispering-gallery transmis-
sion, occurs in this design as well. In Figure 10.14, it is clearly seen that a hotspot is generated
at the opposite side of the activated antennas because of coherence.
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shift 1
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Figure 10.12: The neck is shifted in five directions for 5 cm in order to
investigate the effect of the patient position in the horizontal plane in terms
of SAR performance.

50% SAR (Wikg)

78 —4—Center - M- Shit1  —A- Shift2
—®- Shift3 —e-—sShit4 ——Shift5 |

& 68

5
= 66

—e—Center - M- Shift1 —A- snmz‘ 6
—e- shift3 —e—Shift4 ——Shift5
60
1 2 3 1 2 3
Target Region Target Region
(@) ()

Figure 10.13: The simulation results of the setup defined in Figure 10.12 in
terms of (a) 50%-SAR and (b) TR at the three target regions.

Vertical Plane Analysis

The effect of patient position with respect to the elements in column 1 and
column 2 (defined in Figure 10.19) is studied with the scenario shown in
Figure 10.9(b) and Figure 10.15. ABCs are attached around the models.
The variable of the patient position is H, as defined in Figure 10.16. The
center of the top element is at the same height as the patient’s chin if H=0,
while H<0 means that the center is lower than the chin.
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Figure 10.14: The distribution of psSAR,, when the phantom placed at the
(a) center and (b) shift 1 position and the power is focused on target region
1. The red cube is the location of the hotspot. Each color step indicates 1 dB
difference.

() (b)

Figure 10.15: The configuration for studying patient positioning with re-
spect to the elements in column 2.

The 50%-SAR on the target regions from the elements in columns 1 and
2 are shown in Figure 10.17(a) and Figure 10.17(b), respectively. TR in this
case basically follows the trend of 50%-SAR, so only 50%-SAR is shown
here. The SAR exposure is higher when the patient is placed higher. Fur-
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(@ (b)

Figure 10.16: (a) The definition of the column position, H. H < 0 means the
center of the top element is lower than the patient’s chin. (b) The patient is
in the tilted position where H is -2 cm.

thermore, the tilted patient position, as shown in Figure 10.16(b), causes
significant enhancement for location 2. Figure 10.18 shows a slice of the
SAR distribution when the power is focused on the location 2-top (defined
in Figure 10.5) and the treated region is partially covered by the mandible.
In addition, the location 2-top (and location-3 top) is deeper than the other
target regions. The tilted and higher patient position can help to avoid shad-
owing by the mandible.
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Figure 10.17: The 50%-SAR of the target regions at location 1 and 2 when
the elements in (a) column 1 and (b) column 2 with different positions. (H
is defined in Figure 10.16)
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Figure 10.18: The SAR distribution when the power is focused on target
region 2-top, which is a deeper target region. The mandible has significant
influence on the SAR exposure of this target region.

10.4 Applicator Refinement

10.4.1 Final Configuration

The applicator proposed in this study is shown in Figure 10.19 which con-
sists of three 40 cm diameter circular antenna arrays, each 5 cm high, with
a total of 20 elements. The dimensions are 40 cmx40 cmx 15 cm. The
assumed maximum power for each element is 100 W and it is operated in
the 433 MHz ISM-band. In addition, 16 amplifiers are used in the manufac-
ture of the applicator system instead of 20 for cost consideration. Although
the applicator has 20 elements, not all of them deliver significant high power
during treatment. As will be seen in the following section, only the elements
with line-of-sight to the target make a significant contribution to the power
focused on the target.

As aforementioned, maximizing the number of the contributive elements
(the elements which have significant contribution to the target) is important
for the performance. This is the reason behind the addition of the third
ring in this design (Figure 10.19) so that more elements cover the targets
at lower positions, such as [target region 1, bottom] defined in Figure 10.5.
As the third ring is placed lower than the shoulders, only four elements are
in this ring. More elements may produce better HT performance [149], but
each ring can have no more than eight elements due to the number of the
amplifiers.

A water bolus filled with deionized water is placed between the appli-
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cator and the patient, like many other designs. The relative permittivity and
conductivity of 25°C deionized water are 78 and 0.04 S/m at 433 MHz,
respectively.

Figure 10.19: The applicator proposed for hyperthermia treatment in the
head and neck region. It is a 40 cm diameter antenna ring array with 20
cavity-backed slot antennas operated at 433 MHz. A water bolus is filled
between the applicator and the patient.

10.4.2 Air Masks

In this applicator deployment, air masks can be placed on the patient’s head,
chest and shoulders, as seen in Figure 10.20. These air masks play the role
as spacers to keep those parts of the body from direct contact to the water
bolus. They are made for improving the performance of HT and for the
patient’s comfort, namely to:

¢ Isolate the patient from high SAR in unnecessary regions. For ex-
ample, the back of the patient’s head is very close to the element at
(ring 1, column 5) (see Figure 10.19). This element is important for
canceling the unwanted hot spot at back of the neck due to the coher-
ence generated by the front elements. However, the proximity of the
head limits the radiation power available from this element. The air
mask can prevent the head being heated by this element so it can emit
enough power to cancel the hot spot. Therefore, the front elements
can deliver more power without heating undesired regions.
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* Aid precise positioning of the patient when these masks are made of
hard material.

* Reduce the pressure on the patient’s body due to the weight of the
water.

* Help the patient not to feel cold due to the water on these masked
regions.

* Enable the patient to breathe easily.

(a) (b) (©)

Figure 10.20: The masks applied on the patient’s head and shoulders for HT
performance and comfort issues.

10.4.3 Optimum Patient Positions for the Proposed Appli-
cator

According to the study in Section 10.3.3, the patient should be placed in
different positions within the proposed applicator depending on the tumor’s
location for optimum performance. The proposed applicator is thus sim-
ulated with the human phantom in three different positions for the three
locations defined in Figure 10.5.

Optimization of Patient Position

Considering the energy focusing performance, the positioning of the patient
should be as important as the applicator design, but there is little analysis
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about this issue. In this study, patient position is also optimized based on the
tumor location. The optimized positions of a patient within the applicator
for a tumor at locations 1, 2 and 3 are shown in Figure 10.21. For the six
target regions defined in this study, the vertical patient position should be as
high as possible (limited by the shoulders) to effectively expose the target
regions to more elements. Moreover, investigation of the vertical 2D plane
suggests that the patient should be tilted for higher exposure, especially at
location 2.

When the tumor is at location 1, the patient is shifted in the posterior
direction for 5 cm so that location 1 is at the center of the applicator. In
addition, as seen in Figure 10.21(a), the patient is also tilted by 6 degrees>.
Although the tilt does not affect the performance at location 1 significantly,
it is helpful for location 2. Thus, the position is also suitable for treating a
large tumor. The angle of tilt is limited by the size of the patient’s head and
the size of the applicator. In the horizontal 2D study, location 1 and 2 have
similar SAR performance with the shift 1 position (defined in Figure 10.12).
The patient position for location 2 is therefore the same as that for location
1. Nevertheless, as the target region of location 2-top is deeper and partially
covered by the mandible, the patient’s head is tilted by 8 degrees to avoid
the coverage, as shown in Figure 10.21(b)*. The problem of mandible shad-
owing also occurs for the target region of location 3-top, so the head is again
tilted for this target region. The patient is in the shift 2 position for location
3 and the element at ring 3, column 8 is moved to the diagonal location so
that it heats location 3 more effectively (Figure 10.21(c)).

The Performance with the Patient Position Optimization

The three patient positions shown in Figure 10.21 are compared to the origi-
nal position at the center of the applicator with the patient axis perpendicular
to the horizontal applicator plane. In addition to 50%-SAR and TR, the pa-
rameters compared also include the number of the contributive elements.
A contributive element is defined as the element whose delivered power is
higher than 10% after the field optimization for the given target region. This

3Practically speaking, it would be easier to locate the patient at this position by shifting and
tilting the applicator instead of moving the patient.

“4Tilting patient’s head requires corresponding the images and the CAD file. Typically, the
images of the patient are made for RT so regular position is used. Therefore, treatment with
this position may be clinically challenging.
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Figure 10.21: The optimized patient positions for tumor at (a) location 1,
(b) location 2 and (c) location 3.

is an important parameter in clinical application. Having more contributive
elements not only increases the SAR performance, but also provides higher
flexibility in manipulating the field by adjusting the excitation coefficients.
The thermal properties of tissues are non-linear and the thermal behavior of
vasculature (especially for capillaries) still can not be accurately modeled.
Thus, as mentioned in the previous chapter, numerical simulation, especially
for thermal simulation, is not yet fully reliable for clinical application, so
field manipulation based on measurements or patient feedback during the
treatment is still required. More contributive elements means more parame-
ters are available to manipulate the field in order to avoid hotspots in healthy
tissues and to concentrate higher power in the target.

The optimization of a patient’s position enhances the 50%-SAR in most
target regions (Figure 10.22), especially for locations 1 and 3. Location
3 received a much higher SAR in the optimized patient position while be-
ing under-dosed in the original position. More important, the optimization
greatly increases the number of contributive elements for all the target re-
gions (Figure 10.23). Figure 10.24 shows the contribution of each element
for each target region. Only elements with line-of-sight contribute signifi-
cantly to a given target region as the tissues are very lossy. The positioning
optimization activates all the possible elements that are able to contribute
significantly. However, this optimization does not significantly improve the
TR for most target regions, as seen in Figure 10.25. This parameter strongly
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depends on the operation frequency because it is a result of coherence. Thus,
patient position has no significant influence on the TR, which also suggests
that having more elements may not improve it.
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Figure 10.22: The comparison of 50%-SAR before and after the optimiza-
tion of patient position (W/kg). It shows the optimization increases the ex-
posure significantly in almost all the target regions.
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Figure 10.23: The comparison of contributive element number before and
after the optimization of patient position. More contributive elements pro-
vide higher flexibility in field manipulation.
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(b) © (d) ©) ® (2

Figure 10.24: Contribution from each element when the target region is
(a) location 1-top, (b) location 1-bottom, (c) location 2-top, (d) location 2-
bottom, (e) location 3-top and (f) location 3-bottom. The element colors
indicate the contribution level of each element after field optimization.
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Figure 10.25: The comparison of TR (%) before and after the optimization
of patient position.

10.5 Clinical Considerations

Several important issues from a clinical aspect are considered in this sec-
tion. First is the treatment planning which includes the process of a HT to a
patient with the proposed applicator and how a model of the applicator and
an image-based model of the patient are used to determine the best settings
for a treatment. Besides, simulation time is important in clinical applica-
tion for arranging the treatment schedule, also too long simulation times are
unacceptable for economic reasons. Finally, it is necessary to evaluate the
uncertainty budget in reality. This study considers sensitivity of the patient
positioning error and the uncertainty of excitation coefficients.
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10.5.1 Treatment Planning

As discussed in Section 9.2.2, it is important to find out the optimum exci-
tation coefficients of the array for concentrating EM power in the tumor,
and numerical simulation plays an important role for this purpose. The
treatment planning for this applicator will basically follow that suggested
in [212]. Namely, for each treatment, the procedure would be:

1. Build numerical model of the patient. Simulating with every patient
individually is important to obtain accurate estimation, so building
CAD model of the patient is necessary as the first step. The images
of the patient from a MRI or CT scanner are segmented with a com-
mercial software, like iSEG [270]. Then each image becomes a slice
of CAD model with thickness based on resolution of the scanner. The
full CAD model of the patient is stack-up of the slices.

2. Simulate the scenario. The patient model will be placed in this appli-
cator and each excitation source will be simulated individually. Then
the generalized Eigenvalue method mentioned in Section 10.2.1 and
Section 9.2.3 is used to optimized the combination of the E-field gen-
erated by each source and therefore the excitation coefficients.

3. Treat the patient. The patient position has to follow that in the numer-
ical simulation. The optimization result at Step 2 is the initial setting
of the excitation coefficients. During the treatment, re-optimization
of the SAR distribution is needed because of the following reasons:

* The thermal and SAR pattern are not necessarily the same (see
Section 9.2.3 for more details). The optimization is SAR-based,
and the thermal information usually relies on measurement clin-
ically. Thus, the SAR distribution will be re-optimized based on
thermal measurement result.

* The simulation model may not be the same as reality. The po-
tential differences include water bolus shape, patient’s position
and motion, uncertainty of magnitude and phase of each source,
etc.

* High temperature in the skin or other tissues is a typical un-
comfortable feeling for the patient during the treatment. When
it happens, tuning the SAR distribution is required so that the
patient can finish the treatment.
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Simulation results and the optimization algorithm in Step 2 are em-
ployed for the optimization. This approach is similar with the one
mentioned in Section 9.2.3 adjusting SAR distribution based on the
patient’s feedback. This real-time optimization will be conducted dur-
ing the whole treatment.

10.5.2 Simulation Time Control

EM simulations of the treatment plan are required to be completed in one
night as efficient utilization of the HT facility in each hospital is important
in terms of cost. However, this is a great challenge for applicators with
many elements. The proposed applicator has 20 elements and so 21 sim-
ulations are required for the field optimization [238]. The total simulation
time of these 21 simulations is too long for clinical requirements. In order
to reduce the number of simulations without affecting hyperthermia perfor-
mance, only the contributive elements for the given target region are acti-
vated and the rest of the elements are off. Thus, only 11 to 14 simulations
(depending on the target regions, Figure 10.23) are required for each treat-
ment. The 50%-SAR and TR of each target region in Figure 10.26 show no
significant degradation in SAR performance when only the contributive ele-
ments are activated. Table 10.2 shows the simulation time required for each
target region and all of them can be completed in about 5 hours. The sim-
ulation uses CUDA technology with S1070 configuration consisting of four
C1060 graphic cards from NVIDIA [271]. The detailed simulation settings
are provided in Table 10.3°.

10.5.3 Sensitivity of Patient Positioning

Seven scenarios of mis-positioning the patient are simulated to evaluate the
effect of the positioning error (Figure 10.27). The human phantom is shifted
in five directions for 5 mm, and the head as well as the patient axis are tilted
by 3 degrees. The target region is location 1-bottom and the parameters
evaluated are:

SThe current latest graphic card from NVIDIA is M2090 (with Fermi GPU) and is much
faster than the C1060 model. Thus, it is expected that the simulations here can be finished in
3.5 hours instead of 5 hours.



194 CHAPTER 10. A NOVEL HYPERTHERMIA APPLICATOR

1000 20

900

800

700

600

3

50% SAR (W/kg)
2 =

500

N
66 [N
400 —
64 N 4 ’74—:«\\ elements on

Targeting Ratio (%)

300 —B—Not all elements on

200 60
loc.1,Top  Loc.1,Bot. loc.2,Top  Loc.2,Bot. Lloc.3,Top  Loc.3, Bot. Loc.1,Top  Loc. 1, Bot Loc.2,Top  Loc.2, Bot. Loc.3,Top  Loc.3, Bot.
Target Region Target Region

(a) (®)

Figure 10.26: The (a) 50%-SAR and (b) TR on the target regions when all
the elements or only the contributive elements are activated.

Top locations H Location 1 ‘ Location 2 ‘ Location 3
Element Number 13 11 10
Sim. time (hours) 4.1 3.8 3.8

Bottom locations

‘ Location 1 ‘ Location 2 ‘ Location 3

Element Number 13 11 14
Sim. time (hours) 4.1 3.5 5.1

Table 10.2: The simulation time required for the treatment in each target
region by using hardware acceleration (Element Number: the number of
elements activated.)

Shift (mm): the shifted distance of the psSAR,, locations between
that in the original and the mis-positioned scenarios.

SAR (W/kg): the psSAR,, for the given scenario.

SAR (%): the error of the psSAR,,, between original and the mis-
positioned scenarios.

* Spinal cord (W/kg): the psSAR, ; on the spinal cord®.

6psSAR10 g s better correlated to temperature rise. However, spinal cord is thin and long,
which makes the extraction of psSAR,  difficult. More important, spinal cord is a critical
tissue for safety, a more conservative measure is necessary. Therefore, psSAR, ; is used here.
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Parameters ‘ ‘ Value
Computational Domain 46 x 44 x 55 cm®
Min. Mesh Resolution 1x1x1mm?3
Grid Number 8.4M cells
Simulation time per element 16 - 28 minutes

Table 10.3: The settings of the simulations of the proposed applicator with
the human phantom.

LAZh \ { | : 7 A j = \h
| Bemall
i N\ ﬁ N\ =

(a) (b) © (d

Figure 10.27: The seven scenarios for testing the sensitivity of mis-
positioning the patient; the shifts in (a) patient axis (Z), (b) anterior-posterior
(X) and lateral (Y) directions are 5Smm, and the tilts of (c) the head and (d)
the whole body are 3 degrees.

The simulation results show that a 5 mm or 3 degree positioning error
is acceptable (Table 10.4). The head tilt and lateral shift (Y+) are relatively
insignificant in the uncertainty budget. The mis-positioning in the anterior-
posterior (X) and patient axis (Z) directions is more important. The results
are consistent with those reported in [223]. In addition, besides the shifting
errors, the angle of the patient body (or the applicator) also needs to be
precise.

Practically, a certain level of uncertainty exists for the input amplitude
and phase of each element. So, the influence of the uncertainty in hyper-
thermia performance is also evaluated. The scenario is the applicator with
the phantom at the position for target region 1 (Figure 10.21(a)) and the
power is focused on [target region 1, bottom]. The amplitude and phase of
each element is randomly generated within defined uncertainty levels from
0.05 to 0.15 with 0.025 interval. The maximum input voltage is 10 V and
the phase variation range is 180 degrees. For example, if the uncertainty
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| shift | SAR (W/kg) | SAR(%) | Spinal cord

Original - 1158 - 16.5
Tilted head 0.0 1154 -0.3 14.7
Tilted body 8.3 1162 0.3 18.0
7+ 8.3 1107 -4.4 174
Z- 4.0 1212 4.7 16.1
X- 12.6 1076 -7.1 17.8
X+ 53 1131 -2.3 17.3
Y+ 3.6 1161 0.3 17.0

Table 10.4: The simulation results for the seven scenarios defined in Fig-
ure 10.27 for the positioning sensitivity analysis.

level is 0.1, the variations in amplitude and phase are 0.5 V and +9 de-
grees, respectively. For each level of uncertainty, the random values are set
on three configurations, that is, amplitude-only, phase-only and amplitude-
and-phase. If the original excitation coefficient is [8V, 30Deg.] with 0.1
uncertainty, the input amplitude and phase are random values in [8+0.5 V,
30 Deg.] for amplitude-only, [8 V, 30+9 Deg.] for phase-only and [81+0.5V,
3049 Deg.] for amplitude-and-phase, respectively. Each configuration has
20 simulations for each level of uncertainty. The evaluated parameter is the
percentage error of psSAR .

Simulation results are represented as standard deviation of the error, as
seen in Figure 10.28. The error is relatively linear to the uncertainty level
for the three configurations. The phase error has a slightly more signifi-
cant influence than the amplitude error. The psSAR, ; cumulative histogram
of [target region 1, bottom] of the worst cases for the three configurations
at 0.15 uncertainty is shown in Figure 10.29. It shows that the SAR dis-
tribution is changed significantly when both amplitude and phase vary and
unwanted hot spots emerge in this case. Therefore, based on the simulation
results, if a 10% error is considered, the uncertainty of amplitude and phase
should be lower than 0.125 (+7-8% in terms of power) and 0.1 (+18 Deg.),
respectively.
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Figure 10.28: The standard deviation of psSAR, error with different levels
of uncertainty in terms of (a) amplitude, (b) phase and (c) amplitude and
phase.
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Figure 10.29: The SAR distribution in the neck when (a) having original
settings and the worst-cases in (b) Figure 10.28(a), (c) Figure 10.28(b) and
Figure 10.28(c), respectively. Each color step indicates one dB difference.
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10.6 Validation

10.6.1 Performance With A Real Patient Model

In addition to the simplified human phantom, the proposed applicator was
simulated with the model of a real cancer patient derived from [212] (Fig-
ure 10.30(a)). As the tumor is at [target region 1, bottom] (defined in Fig-
ure 10.5), the patient is placed as shown in Figure 10.30(b).

The simulation results are represented in three different ways. First
is the gray iso-surface representing a psSAR;, value of 200 W/kg (Fig-
ure 10.31(a)). The surface almost covers the entire tumor, demonstrat-
ing that the applicator accurately targets the power on the tumor. Fig-
ure 10.31(b) shows a sagittal view of the psSAR, ; distribution in the patient.
It is clear that the applicator heats the tumor effectively without inducing a
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(@ (b)

Figure 10.30: (a) The real patient model and (b) the configuration of the
applicator with the patient.

high SAR in the spinal cord. Finally, the statistical results of the SAR per-
formance of this treatment are shown in Table 10.5. The SAR ratio is the
defined as the ratio of the psSAR, ; in the tumor and in the healthy tissues.
The results confirm that the EM power is well concentrated on the tumor.
The power delivered by each element is listed in Table 10.6 and shows that
the activated elements are utilized efficiently. The three activated elements
in the third ring deliver very higher power (more than 74%) and this en-
dorses the importance of the third ring in this applicator design.

4—— spinal cord

(b)

Figure 10.31: (a) The gray iso-surface represents a psSAR,, value of
200 W/kg. It shows that almost the entire tumor is illuminated with suffi-
cient EM power. (b) The psSAR, ; distribution in the patient (W/kg) shows
that the power is concentrated in the tumor without heating other tissues.
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Parameters ‘ ‘ Values
50%-SAR of the tumor 424 W/kg
90%-SAR of the tumor 144 W/kg
Targeting Ratio (TR) 61.8%
200 W/kg psSAR, , coverage on the tumor 83.7%
psSAR; ; of the spinal cord 17.8 W/kg
SAR ratio 0.984
Total simulation time 7.1 hours

Table 10.5: The simulation results of the applicator with a real patient model
in terms of psSAR,

Element 1 2 3 4 5 6 7 8
Input power 100 912 16,5 off off off 177 593
Element 9 10 11 12 13 14 15 16
Input power || 263 553 303 off off off 56.6 854
Element 17 18 19 20 - - - -
Input power || 63.1 off 508 87.1 - - - -
Total power H 740W

Table 10.6: The power delivered by each element (W) in the simulation with
the real patient model.

10.6.2 Measurement Results

The applicator proposed in this study was also manufactured for a validation
study, as seen in Figure 10.32. There are 24 elements; three rings with 8
elements on each ring. The dimensions the applicator follow those shown
in Figure 10.7 and Figure 10.9. Each element is fed with a coaxial cable.
The cylindrical phantom and the water bolus is filled with body simulating
liquid (BSL) at 450 MHz and deionized water, respectively. The permittivity
and conductivity of the BSL is 79.5 and 0.047 at 450 MHz, respectively.
The mutual coupling between two elements was measured and simulated
to validate the simulation results used above. A two-port vector network
analyzer (VNA) was connected to the elements measured while the rest are
loaded with 50 Ohm resistors.

In order to evaluate the worst case of mutual coupling, the two elements
measured are assumed to have simultaneous conjugate matching [111], as il-
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Figure 10.32: The manufactured applicator for measurement validation.

lustrated in Figure 10.33. S is the two-port S-matrix of ith and jth element
by measurement or simulation. S* and S7 represent the matching circuits
making both ith and jth element have conjugate matching’. 8' is the total
S-matrix of the three networks, and the mutual coupling in S' is named as
maximum mutual coupling (MMC). The magnitude of MMC between ele-
ment /a and the other elements are shown in Figure 10.34. Similar with the
simulation results above, the highest MMC occurs between element /a and
1b while the rest of results are lower than -20 dB. Thus, the MMC(/a, 1b)
are used in the validation between simulation and measurement.

The simulation model is shown in Figure 10.35, which is based on the
CAD file of the manufactured applicator. Figure 10.36 shows the magni-
tude and phase of MMC(/a, 1b) in both simulation and measurement. The
results agree well with each other in both magnitude and phase. The small
discrepancy should be due to the uncertainty of the water-bolus shape in
measurement. The water bolus in a different shape leads it a different scat-
tering environment and therefore different mutual coupling results. In ad-

7The matching circuit is composed of a quarter-wavelength transformer and a parallel reac-
tance which can be realized with an open or short stub.
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Figure 10.33: The mutual coupling between Port; and Port; is measured
when both ports have conjugate matching simultaneously.
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Figure 10.34: The maximum mutual coupling between element /a and the
other elements (see Figure 10.32 for the definition of the elements).

dition, the uncertainty in synchronization of the reference position of the
simulation and measurement results can cause error in the phase of MMC.
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Figure 10.35: The numerical model of the manufactured applicator.
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Figure 10.36: The (a) magnitude and (b) phase of maximum mutual cou-
pling between element /a and /b (MMC(la, 1b)). The measurement and
simulation model are shown in Figure 10.32 and Figure 10.35, respectively.

10.7 Discussion

This design exhibits improvement compared to HYPERcollar. The radiating
elements are slot antennas whose planar structure ensures precise manufac-
ture and robust mechanical strength against water bolus. Because of low mu-
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tual coupling between slot antennas, the total number of elements has been
greatly increased from 12 to 20. Thus, steering the SAR distribution be-
comes more flexible and hence it is possible to heat a tumor more uniformly
with higher power. Additionally, this design does not need to have stag-
gered arrangement to reduce mutual coupling so more elements are placed
in front of the patient. Moreover, the design has been further refined. Pa-
tient’s position is optimized based on the tumor location. Human anatomy is
higher inhomogeneous and has complex geometry. Having many elements
does not necessarily mean better heating performance as there may be only
a few of element provide significant contribution. The goal of the position-
ing optimization is to have as many elements as possible having significant
contribution. This optimization is missing in all of the previous designs.






Chapter 11

Conclusion of the
Hyperthermia Study

The studies about hyperthermia treatment (HT) in this thesis focus on the
technology using noninvasive electromagnetic power, and they are the re-
view of HT technology and a novel design of phased array for head and
neck region. Before the studies, the biological rationale and clinical trials
of hyperthermia treatment has been briefly introduced to report the medical
background of this application.

The technology of hyperthermia treatment using non-invasive electro-
magnetic power has been reviewed in this report. The biological rationale of
hyperthermia treatment and the clinical trials are also reported. The review
of the biological rationale shows that hyperthermia is an effective adjuvant
modality to standard treatments (radiotherapy and chemotherapy) for some
types of cancer, such as tumors in the head and neck region, breast cancer,
melanoma and cervical cancer. In addition, thermal dosimetry has also been
highlighted as one of the principal issues of public acceptance and clinical
application. Thus, indicators that might link the thermal dose and clinical
response have been summarized.

The review of the techniques is divided in three parts: low frequency ap-
proaches, phased array and other methods. Most low frequency applicators
were designed in the 1980s. Due to the penetration depth and engineering
difficulties, these applicators, usually with a single element, are operated

205
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at a frequency lower than about 100MHz. However, unexpected hot and
cold spots frequently appear in healthy tissues and the cancer, respectively,
with these applicators, and so many more recent studies have focused on ap-
plicators using multiple antennas, or the phased array, at higher frequency.
The phased array is much better at manipulating EM fields and creating
coherence, but its engineering is also much more complicated. For superfi-
cial hyperthermia, phased array has conformal coverage of a large area with
uniform SAR distribution. The applicators are also designed for different
regions, such as the head and neck region, the abdomen and pelvic region,
the brain, extremities and the breast. In addition to hardware design, algo-
rithms for optimizing excitation coefficients are also critical in deep-region
hyperthermia. Optimization algorithms include the generalized Eigenvec-
tor method, model order reduction, and algorithms based on temperature
measurement with magnetic resonance thermometry. In addition to the two
major concepts (low frequency and phased array), other methods are also
proposed. These methods include the application of lenses, reflectors and
ultrawide-band (UWB) microwave. Lenses, artificial geometry or metama-
terial, are added between the radiators and the patient to concentrate power.
Reflectors are applied to surround the radiators and the treated region, and
they act as a continuous array to generate field concentration. The technique
of UWB microwave in breast-tumor imaging is applied in a phased array to
heat tumors in deep regions of the breast instead of using a single frequency
or narrow band.

Several general issues have been discussed. First, the applicators re-
viewed in this report are summarized. Secondly, the reasons for using a wa-
ter bolus in almost all non-invasive applicator designs are discussed. Finally,
because hyperthermia treatment is a highly interdisciplinary application, the
challenges encountered and the expertise required in engineering aspects are
also summarized.

Besides, a novel applicator for hyperthermia treatment of cancer in the
head and neck region has been proposed. The design is a 40cm diameter
circular array consisting of 20 cavity-backed slot antennas surrounding the
patient. Both the applicator design and the patient’s position have been op-
timized for different target regions. The simulation results show that the
applicator can provide sufficient exposure to all possible locations of a tu-
mor in the neck of a patient with good targeting of EM power. Clinical
issues have also been considered, i.e. patient positioning error, excitation
coefficients uncertainty and simulation time control. Finally, an actual pa-
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tient model was used to observe the performance of the proposed applicator
in real usage.
The proposed applicator has the following advantages over previous de-

signs:

The cavity-backed slot antennas provide excellent mechanical strength
against pressure and erosion due to the water.

The elements in the additional third ring make a significant contribu-
tion, so more elements are available in each treatment.

Comfort issues are taken care of by adding air masks on the patient’s
head and shoulders.

Optimization of patient position for different target regions signifi-
cantly increases the performance of the applicator.

However, several issues still need to be considered. First of all, full
validation of the manufactured applicator is required. In addition to mutual
coupling, it is also important to validate the SAR distribution due to different
schemes of power concentration. Besides, it is necessary to evaluate the
practical feasibility of the air masks for the patient. Last but not least, tumors
in the head, such as those in the tongue and the nasal cavity, have not been
considered in this study. These will be more difficult to heat because they
are covered by the skull or mandible.






Appendix A

List of Acronyms

ABC Absorbing Boundary Condition

ALT All Lumen Temperature

CAD Computer Aided Design

CEM Cumulative number of Equivalent Minutes
CTIA Cellular Telecommunications & Internet Association
CT Chemotherapy or Computer Tomography
CPU Central Processing Unit

CPML Convolutional Perfect Matching Layer
CPW Co-Planar Waveguide

DCS Digital Cellular System

DPD Dissipated Power Density

EFS Effective Field Size

EM Electromagnetic

E-field Electrical field

FDTD Finite-Difference Time-Domain

GA Genetic Algorithm

GSM Global System for Mobile Communications
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GPU Graphic Processing Unit

H&N Head and Neck

HTSL Head Tissue Simulating Liquid

HT Hyperthermia Treatment

H-field magnetic field

IT’IS Foundation for Information Technologies in Society

ISM Industry, Science and Medicine

LACC Locally Advanced Cervical Cancer

MCells Million Cells

MF Microwave Frequency

MIMO Multiple-Input and Multiple-Output

MRI Magnetic Resonance Imaging

MRT Magnetic Resonance Thermometry

MUT Models Under Test

OTA Over-The-Air

PCB Printed Circuit Board

PDA Personal Digital Assistant

PEC Perfect Electric Conductor

PIFA Planar Inverted-F Antenna

PML Perfectly Matched Layer

psSAR peak spatial Specific Absorption Rate

psSAR10g  peak spatial Specific Absorption Rate averaged over
10g

RCS Radar Cross Section

RF Radiofrequency

RMS Root Mean Square

RT Radiotherapy

S-Parameter  Scattering-Parameter

SAM Specific Anthropomorphic Mannequin



SAR
SAT
SEMCAD

SH
SMA
SMS
SPEAG
TEM
TE

™
TIS

TR
TRP
UPML
VNA
WACOA
WLAN

211

Specific Absorption Rate
Subcutaneous Adipose Tissue

Simulation Platform for Electromagnetic Compati-
bility Antenna Design and Dosimetry

Superficial Hyperthermia
SubMiniature version A

Short Message Service

Schmid & Partner Engineering AG
Transverse Electric and Magnetic
Transverse Electric

Transverse Magnetic

Total Isotropic Sensitivity

Target Ratio

Total Radiated Power

Uni-axial Perfect Matching Layer
Vector Network Analyzer

WAter COated Antenna

Wireless Local Area Network
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