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ABSTRACT

The use of radiofrequency in biomedical devices is taking on increasing
significance due to its contributions to the prevention, diagnosis and treatment of
diseases, either for minimally invasive remote monitoring of physiological data or
for other applications such as medical imaging and thermal treatments. The
advantages provided by radiofrequency fit perfectly inside the new paradigm of
predictive, preventive, personalized and participatory medicine (P4 medicine) in
which the individual patient is the central focus of the healthcare system.

Although the development of biomedical devices with radiofrequency has been
studied in depth in recent years, several challenges still remain. In this context, this
thesis deals with one of the most important issues: the design and characterization
of antennas in the presence of the human body. The main goal of this thesis is to
develop new antenna designs that overcome some of the current limitations, such
as miniaturization, efficiency, frequency detuning and integration. This thesis also
aims to provide tools and new insights for the development of antenna designs in
the presence of the human body by analyzing the interaction between the antennas
and the surrounding biological medium.

The research carried out has two main focuses: the wireless transmission of
physiological data (biotelemetry) and microwave hyperthermia for cancer
treatments. For the first, the study presents a theoretical framework review of in-
body antennas followed by an exhaustive study of their miniaturization process,
the manufacturing and the experimental characterization, as well as the phantom
influence. Based on these studies, a novel multilayered broadband antenna and a
miniaturized RFID tag are presented. And with regard to thermal treatment of
breast cancer, an on-body, compact and configurable applicator with a phased
antenna array has been developed.

In conclusion, the outcomes of this thesis make contributions in two main areas:
(1) the antenna design and characterization for use in the presence of human body
and (2) the research of new solutions for in-body biomedical devices with
biotelemetry and for the treatment of breast cancer through microwave
hyperthermia.

Keywords: biotelemetry, antennas in lossy matter, implantable antennas,
miniaturized antennas, electrically small antennas, in-body communications, Low-
Temperature Co-fired Ceramic (LTCC), Medical Device Radiocommunications
Service (MedRadio), broadband antennas, Radio Frequency Identification (RFID),
phased antenna array, microwave hyperthermia, breast cancer treatment.



RESUMEN

El uso de la radiofrecuencia en dispositivos biomédicos es cada vez mas extendido
debido a su contribucién a la prevencién, diagnostico y tratamiento de
enfermedades, ya sea para el control remoto de datos fisioldgicos con minima
invasividad o para otras aplicaciones, como la imagen médica o los tratamientos
térmicos. Las ventajas que ofrece la radiofrecuencia a estos dispositivos se
adaptan totalmente dentro del nuevo paradigma de medicina basado en la
prediccién, prevencidn, personalizacién y participacion, y donde el paciente se
sitda en el eje central del sistema sanitario.

A pesar de que el desarrollo de dispositivos biomédicos con radiofrecuencia ha
sido ampliamente estudiado durante los dltimos afios, ain quedan muchos retos
por alcanzar. En este contexto, esta tesis trata de abordar uno de los puntos mas
relevantes: el disefio y la caracterizacién de antenas en presencia del cuerpo
humano. El objetivo principal de la tesis es el desarrollo de nuevos disefios de
antenas que superen algunas de las limitaciones o prestaciones actuales, como la
miniaturizacion, la eficiencia, la desintonizacién frecuencial o la integracion con el
dispositivo, entre otros. Esta tesis también pretende proporcionar herramientas y
nuevos conocimientos para el desarrollo de disefios de antenas en presencia del
cuerpo humano mediante el analisis de la interaccion entre las propias antenas y el
medio biolégico que las rodea.

La investigacion llevada a cabo se centra en dos enfoques distintos: la transmisién
inalambrica de datos fisiol6gicos (biotelemetria) y la hipertermia de microondas
para tratamientos de cancer. Para el primero, el trabajo presentado consta de una
revision del marco tedrico actual de las antenas implantables seguido de un
estudio exhaustivo de su proceso de miniaturizacion, fabricacién y caracterizacion
experimental, asi como también de la influencia del uso de diferentes phantoms. En
base a estos estudios, se presentan una antena de banda ancha multicapa y una
etiqueta RFID miniaturizada basadas en la tecnologia LTCC. Por otra parte, se
presenta un aplicador de microondas formado por una matriz de antenas
configurables para ser utilizado en el tratamiento térmico del cancer de mama.

En conclusion, los resultados de esta tesis contribuyen principalmente a: (1) el
disefio y caracterizaciéon de antenas en presencia del cuerpo humano y (2) la
busqueda de nuevas soluciones para dispositivos biomédicos con biotelemetria y
para el tratamiento del cancer de mama mediante la hipertermia de microondas.

Palabras clave: biotelemetria, antenas implantables, antenas miniaturizadas,
ceramica tratada a baja temperatura (LTCC), identificacién por radiofrecuencia
(RFID), matriz de antenas configurables, hipertermia de microondas, tratamiento
de cancer de mama.
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RESUM

L’ds de la radiofreqiiéncia en dispositius biomedics és cada vegada més extens
degut a la seva contribuci6 a la prevencid, diagnostic i tractament de malalties, ja
sigui pel control remot de dades fisiologiques amb minima invasivitat o per altres
aplicacions, com la imatge medica o els tractaments termics. Els avantatges que
ofereix la radiofreqiiéncia a aquests dispositius s’adapten de ple dins el nou
paradigma de medicina basat en la predicci6, prevencid, personalitzaci6 i
participacio6, i on el pacient es situa en el focus central del sistema sanitari.

Tot i que el desenvolupament de dispositius biomedics amb radiofreqiiencia ha
estat ampliament estudiat durant els ultims anys, encara queden molts reptes per
assolir. En aquest context, aquesta tesi tracta d’abordar un dels punts més
rellevants: el disseny i la caracteritzaci6 d’antenes en presencia del cos huma.
L’objectiu principal de la tesi és el desenvolupament de nous dissenys d’antenes
que superin algunes de les limitacions o prestacions actuals, com ara la
miniaturitzaci6, 'eficiéncia, la desintonitzacié freqliencial o la integracié amb el
dispositiu, entre d’altres. Aquesta tesi també pretén proporcionar eines i nous
coneixements pel desenvolupament de dissenys d’antenes en preséncia del cos
huma mitjangant I'analisi de la interaccié entre les propies antenes i el medi
biologic que les envolta.

La investigaci6 duta a terme es centra en dos enfocaments diferents: la transmissio
sense fils de dades fisiologiques (biotelemetria) i la hipertérmia de microones per
a tractaments de cancer. Ambdues arees comparteixen diversos aspectes
destacables relacionats amb el disseny d’antenes. Per aixo, el treball presentat
comenca amb una recapitulacio teorica dels aspectes més destacables en el disseny
d’antenes en preséncia del cos huma. Pel que fa a la biotelemetria sense fils, es
realitza una revisié del marc teodric actual, amb especial emfasi a les antenes
implantables, per tal d’identificar els reptes més significatius en el seu
desenvolupament i la manera d’abordar-los. D’aquesta manera, durant la primera
part de la tesi, es proposen una série d’estudis, ordenats per capitols, on es tracten
diversos punts rellevants en el desenvolupament d’antenes implantables.

En primer lloc, es presenta un estudi sobre la miniaturitzaci6 d’antenes
implantables de tipus PIFA, ja que aquesta tipologia permet el desenvolupament de
dissenys amb volums reduits sense degradar en excés les prestacions de les
antenes. A partir d’aqui, es comparen diferents metodes de miniaturitzacié per als
radiadors, (fractals, meandres o espirals) i s’explora la miniaturitzaci6 3D
mitjancant el disseny multicapa. Els resultats mostren que les antenes
implantables amb estructura d’espiral quadrada tenen la millor relacié entre el
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volum i I'eficiencia, especialment en el disseny 3D multicapa i amb el radiador en
direccio6 al pla de massa.

A continuacié es presenta un analisi de la influéncia de 1'ds de phantoms en la
caracteritzacid d’antenes implantables de tipus PIFA amb estructura d’espiral
quadrada. Es quantifiquen les variacions de I'eficiencia de les antenes en funci6 de
certs parametres, com la freqiiencia, la forma i les dimensions dels phantoms, o la
profunditat de 'implant. En base als resultats obtinguts, es proposa un protocol de
caracteritzaci6 d’antenes implantables amb l'objectiu d’estandarditzar 1'as de
phantoms en funcié de la freqiiencia i aixi poder facilitar la comparativa entre
diferents antenes.

Un altre aspecte rellevant en el disseny d’antenes implantables és la fabricacié dels
prototips. En aquesta tesi es detalla el procés de fabricacié de les antenes
presentades mitjancant la tecnologia LTCC. Aquesta tecnologia, basada en la
ceramica tractada a baixa temperatura, presenta nombroses propietats adequades
per a les antenes implantables (estructures multicapa monolitiques, inclusi6é de
vies i cavitats internes, integraci6 amb altres components electronics, substrats
biocompatibles i de baixes perdues, etc). Es realitzen una serie de proves de
sensibilitat per tal de determinar la desintonitzaci6 freqiiencial deguda al procés
de fabricaci6. També es detalla el procés de caracteritzacié experimental dels
prototips i es proposen noves tecniques per tal d’eliminar els efectes del cable
coaxial en les mesures, com sén I'is d’un splitter o d'un enllag de fibra optica.

Tot seguit es presenten tres demostradors o dissenys d’antenes orientats a tres
aplicacions. En primer lloc, es presenta una antena implantable de banda ampla
multicapa per a la biotelemetria sense fils. Els seus punts forts consisteixen en una
mida reduida, un ample de banda capa¢ de compensar la desintonitzaci6
freqiiencial ocasionada pels teixits biologics adjacents i una estructura que permet
la integraci6 d’altres components electronics. L’antena és fabricada en tecnologia
LTCC i els resultats concorden satisfactoriament amb les simulacions.

El segon demostrador consisteix en el disseny d'una etiqueta implantable RFID per
a la monitoritzacié sense fils de pacients. En aquest cas, el disseny també es
realitza tenint en compte la miniaturitzacio i la integracié amb el xip RFID, aixi com
un ample de banda suficientment gran. Les simulacions i la realitzaci6
experimental mostren resultats similars.

Finalment, es presenta un aplicador de microones compacte format per una matriu
d’antenes configurables en fase per ser utilitzat en el tractament termic del cancer
de mama. S’estudia el comportament del dispositiu davant de diferents escenaris,
com ara en models de mama de diferents dimensions o en tumors a diferents
localitzacions i en diferents estats d’evolucié. També s’avalua I'impacte de canviar
la separacié entre les antenes i la quantitat d’antenes en la poténcia absorbida pel
model. Per tal de focalitzar adequadament la poténcia entregada per les antenes en
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cada cas, s'implementa un algoritme basat en la superposicio dels camps eléctrics
amb l'objectiu de trobar les fases optimes de les alimentacions de cada antena.
Finalment, es realitza una prova de concepte mitjangant la fabricaci6é d’un prototip
amb quatre antenes de fase variable. La monitoritzaci6 dels canvis de temperatura
en un model ex-vivo indiquen una bona viabilitat del dispositiu per tractar cancers
de mama de diferents caracteristiques.

En conclusié, els resultats d’aquesta tesi contribueixen principalment als segiients
punts: (1) el disseny i caracteritzacié d’antenes en presencia del cos huma i (2) la
recerca de noves solucions per a dispositius biomedics amb biotelemetria i per al
tractament del cancer de mama mitjangant la hipertérmia de microones.

Paraules clau: biotelemetria, antenes implantables, antenes miniaturitzades,
ceramica tractada a baixa temperatura (LTCC), servei de radiocomunicacions de
dispositius medics (MedRadio), identificacié per radiofreqiiencia (RFID), matriu
d’antenes configurables, hipertérmia de microones, tractament de cancer de
mama.
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1. Introduction

The impact of radiofrequency (RF) and microwave applications in the field of
medicine has increased steadily in recent years. RF is now widely used in the
prevention, diagnosis and treatment of a variety of diseases, and plays a major role
in imaging, thermal therapies, drug delivery and microwave-based sensors, to
name only a few of its applications [1], [2]. In particular, wireless biotelemetry
allows minimally invasive monitoring of physiological parameters, improving the
patient’s comfort and care, and drastically reducing hospital costs [3]. These
advantages will be particularly welcome in the future healthcare scenarios based
on P4 medicine, especially in view of the current demographic shifts towards more
elderly populations and the economic impact that this development is bound to
have [4].

“_.n

P4 medicine (the four “p”s stand for “Predictive, Preventive, Personalized and
Participatory”) has evolved rapidly over the last decade and represents a
revolutionary new medical paradigm which places the individual patient at the
center of healthcare [5]. P4 medicine has emerged at the intersection of three main
trends in the transformation of the healthcare system [6]:

1. The computational and mathematical modeling of biological and medical
systems, used as a tool to understand the biological complexity of disease.

2. The growing concern of the population with healthy lifestyles, and the
increased demand for access to personal information in order to improve
personal health management.

3. The digital revolution, which allows the gathering of huge amounts of data
through diagnostic tests, e-health apps and other tools, which can be stored,
analysed and communicated in an efficient way.

As these trends advance, medical devices that provide individualized and long-
term physiological data to the patients, consumers or physicians are destined to
become a fundamental part in the healthcare system. Thousands of medical
devices with wireless biotelemetry are likely to enter our daily lives in the near
future.

In this scenario, researchers are seeking to overcome the current limitations found
in wireless biotelemetry and RF biomedical devices. One of the most challenging
issues is antenna design, especially when working inside or close to the body. This
PhD thesis presents an analysis of the interactions between biological tissues and
microwave radiation in order to describe the design and characterization of
antennas for two main applications: wireless biotelemetry and microwave
hyperthermia for cancer treatments.
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1.1. Wireless Biotelemetry

In the new era of the Internet of Things (IoT), the smart objects surrounding us are
wirelessly interconnected in different ways. Sensor network technologies and
Radio Frequency Identification (RFID) play a leading role in this paradigm, in
which information and communication systems are evolving into devices
embedded in the environment [7].

Wireless Body Area Networks (WBANs) encourage the integration of the
healthcare system in the IoT. In recent years, medical devices with biotelemetry
capabilities have become extremely popular in the scientific community and now
have a large number of applications [2], [8]-[13]. Usually, the deployment of these
devices in a WBAN allows the collection and communication of physiological data
from an in-body or on-body device to an external base station. Then, this medical
information can be presented directly to the patient or sent to the cloud to be
transferred to a healthcare unit, saving time and resources. The main elements
involved in this process are shown in Figure 1.

The principal aspects of a wireless implantable system for biotelemetry are
presented in [14] and identified from the antenna engineer’s point of view.
Applying this idea not just to implantable but also to wearable devices, the main
parts of a wireless biotelemetry system that an antenna engineer has to deal with
are the following:

Base station: The base station acts as the intermediary between the sensor node
and the cloud. It can be embedded in the sensor device or in an external system
(especially in in-body devices). Some important aspects regarding the sensitivity of
the receiver and the antenna performance determine the quality of the
communication link.

Channel propagation: The propagation of the electromagnetic (EM) waves from the
medical device to the base station in a real scenario is sensitive to the
environment. Thus, multi-path propagation and the scattering appearing due to
nearby objects and walls must be considered in order to improve the performance
of the system.

Human body: In terms of electrical properties, the human body acts as a
heterogeneous, complex, time-dependent, lossy and dispersive medium. Apart
from allowing smaller designs due to the high permittivity of the biological tissues,
designing antennas in such hostile conditions represents a real challenge.
Moreover, safety regulations limit the power budget for wireless transmission,
making the engineer’s task even harder.
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Figure 1. The main elements involved in the remote monitoring system of
physiological data from an in-body or on-body biomedical device.

Insulation and packaging: The packaging of the device is a crucial aspect in the
antenna design. The near-field of the EM radiation interacts directly with the
materials used in the substrate and superstrate of the antenna, modifying its
behavior. For in-body devices, the biocompatibility of these materials is also an
indispensable requisite to avoid harmful effects in the biological tissues.

Antenna: The choice of the antenna type and the shape of the radiator are the key
points for providing a medical device with wireless capabilities. The goal of an
antenna engineer is to provide a suitable design in terms of efficiency, operating
frequency, bandwidth and radiation pattern. Other aspects such as the available
volume, the interaction of the EM radiation with the insulation and the human
body, as well as the influence of other electronic components in the device will
have a key role in the performance of the antenna.

Electronics and power supply: The total volume occupied by the biomedical device
depends not only on the antenna but also on the electronic components and the
power supply. The electronic components make the device work properly, and
integrate the communication and processing modules. The goal of the power
supply is to provide the required power defined by these modules and
components. New approaches for replacing internal batteries are appearing in
order to reduce device size, a particularly important issue in implantable devices.
These approaches include energy harvesting or wireless power transfer.
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Biosensors and bioactuators: Another important aspect in the packaging of the
device is the placement of biosensors or bioactuators. Usually, they need to be in
contact with some part of the human body and are defined by the application.

Manufacturing process: The manufacturing process is a crucial step in transferring
the simulated results to real life situations. An accurate, reliable and repeatable
fabrication process is important to achieve successful performance.

Characterization and Experiments: All the parts involved in the development of the
system have to be validated and characterized through experiments. The results
obtained must confirm the correct functioning of the system and the safety
requirements. An adequate measurement setup is mandatory in order to obtain
credible and accurate results and avoid interferences with the lab equipment.

As previously noted, biomedical devices can be classified as on-body or in-body
depending on their location. The choice of one or other type of device may depend
on economic aspects, social evolution, research development and technological
challenges.

On-body or wearable devices are already present in our everyday life. Smart
watches and wristbands with sensing capabilities, for instance, are a reality today.
New trends in wearable devices will lead to the blossoming of other types of
product, such as headwear or eyewear devices for virtual or augmented reality,
smart footwear and bodywear for sport and fitness, neckwear and jewelry for
fashion purposes, and so on. According to [15] by 2026 the market for these smart
wearable products will move over $150 billion annually. In the healthcare system,
wireless on-body devices are being introduced, as they enable noninvasive
monitoring of vital signs. However, certain challenges remain unresolved, among
them miniaturization, security, standardization, energy efficiency, robustness and
unobtrusiveness [10].

Most in-body devices are still in development and require a specific medical
prescription in order to be used. These devices first appeared in 1958, when Rune
Elmgvist et al. succeeded in implanting the first pacemaker in a human body [16].
Since then, in-body devices, commonly known as Implantable Medical Devices
(IMD), have covered a niche area when physiological parameters are only
accessible from inside the human body or when wearable devices were not
sufficiently powerful. Nevertheless, apart from implanted pacemakers and some
ingestible endoscopic capsules with biotelemetry capabilities, not many in-body
medical devices are available on the market; most of them are still in development,
at testing or prototyping stage [17]-[19].

In the review in [19], in-body wireless devices are classified in implantable,
ingestible or injectable depending on their method of insertion into the human
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body. These devices open up a promising spectrum of new healthcare applications,
but the list of challenges to overcome is still longer and more demanding than in
the case of wearables: a greater level of miniaturization, biocompatibility, safety
considerations, powering, and so on.

In this context, several technologies have been proposed as possible solutions for a
wireless biotelemetry system for either in-body or on-body devices. Among them,
RFID technology is an already existing low-cost and low-power solution to
overcome some of the limitations mentioned [20], [21]. RFID systems provide
standardized communication protocols and integrated commercial chips that
facilitate the development of the medical device with wireless biotelemetry. In
addition, some RFID chips with sensing capabilities have recently been developed
[22], enabling this technology to perform new functions. For all these reasons,
although still in early stages of deployment [21], RFID-based systems are
expanding from the industrial sector to the healthcare system [23]-[25], especially
for the identification and tracking of patients [26]-[29]. The main elements
involved in the RFID systems differ slightly from the classical remote monitoring
system, as Figure 2 illustrates.

Channel Propagation

«O== -
A ’)) ((‘ | = — Storage

e 3

Reader Reader
Antennas Controllers

Human
Body Healthcare Center

Figure 2. The main elements involved in a RFID-based tracking system implemented
in a healthcare center.
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1.2. Microwave Thermal Therapies for Cancer Treatments

Besides transmitting information, microwaves have other functions in
biomedicine. The thermal increase produced by the microwaves when passing
through biological tissues is applied in the treatment of certain cancers, among
them breast, cervix, head and neck, rectum, bladder, esophagus, lung, and
superficial tumors [30]-[34]. It is well demonstrated that hyperthermia, a form of
moderate tumor heating ranging between 39 and 45 °C, enhances the effectiveness
of radiotherapies and chemotherapies. Temperatures higher than this level belong
to thermal ablation. The biological reasons for the use of hyperthermia as a
thermal sensitizer for radiotherapy and chemotherapy are summarized in [35].
Although the use of microwave hyperthermia is spreading in the cancer
treatments, some aspects still need improvement. One of the major concerns when
applying microwave hyperthermia is heating selectivity. To do that, focusing
algorithms [36] and nanoparticles with thermal sensitivity [37] are under
development.

1.3. Thesis Overview

This thesis focuses on the design and characterization of on-body and in-body
antennas for various biomedical applications. Although the initial main area of
research was the biotelemetry of implantable biomedical devices, new
opportunities and collaborations arose over the first few years. By the end, the
scope of the thesis broadened to include RFID systems and on-body microwave
hyperthermia treatments for breast cancer, all of them approached from the point
of view of antenna engineering. Thus, the points discussed in the thesis are related
to:

* The antenna design

* The packaging

* The manufacturing process

* The characterization and experimental validation

* The effects on the human body

* The implementation of three antenna demonstrators covering different
applications
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1.3.1. Objectives
The main goals of the thesis are:

¢ To present a state-of-the-art of the main challenges in in-body antennas.

* To analyze the design of different in-body antenna miniaturization methods
in order to increase the radiation efficiency.

e To assess the influence of the human body on antenna performance in
greater detail.

* To explore the feasibility of Low Temperature Co-fired Ceramic (LTCC)
technology for manufacturing in-body antennas.

* To experimentally characterize these in-body antennas and to propose new
measurement techniques to overcome the limitations of the current setups.

* To present a new implantable broadband Planar Inverted-F Antenna (PIFA)
design based on LTCC technology for biotelemetry.

e To propose novel in-body Ultra High Frequency (UHF) RFID tag designs.

* To present a configurable compact on-body microwave applicator for the
treatment of breast cancer through hyperthermia.

1.3.2. Background and Framework

The main research activities performed in this thesis were carried out at the
laboratory of the Radiofrequency Group (GRAF) at the Department of Electronics
and Biomedical Engineering of the University of Barcelona (UB). Certain tasks
were performed elsewhere, as shown in the list below:

* GRAF Laboratory

Most of the work for the thesis was carried out at this laboratory. RF design, EM
simulations, characterization and experiments were conducted here.

* Francisco Albero SAU (FAE) facilities

This company provided the installations, equipment, materials, knowledge and
resources needed to manufacture most of the antenna prototypes.

* Biomedical Computing and Devices Laboratory (Kansas State
University)

The microwave hyperthermia system for breast cancer treatment project was
created during a stay at this center.

This thesis was supported by the following projects:

* Spanish Ministry of Science and Innovation, project TEC2010-21484
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e Spanish Ministry of Economy and Competitiveness, project TEC2013-
40430-R
* National Science Foundation, USA, under grant CBET 1337438

1.3.3. Outline and Original Contributions

The thesis is divided into two parts. The first part presents the theoretical
framework and outlines the development of the research into implantable
antennas, from the first design steps to the prototyping and experimental
characterization. The second part focuses on the final biomedical applications - an
implantable antenna, an implantable RFID and an on-body hyperthermia device.

A summary of each chapter is presented below.
PART 1. FRAMEWORK AND DEVELOPMENT

Chapter 2. Antennas in the Presence of a Human Body

This chapter presents an overview of the main aspects involving the design of
antennas for biomedical applications, placing particular emphasis on implantable
antennas. Special attention is given to understanding the challenges and strategies
in the design of these antennas. Other elements involved in the design process,
such as electromagnetic computational tools or human body phantoms, are also
described.

Most of this chapter is based on concepts that are already known, while some parts
can contribute to a better comprehension of important issues concerning the
design process of implantable antennas. The state-of-the-art presented also sheds
light on the current trends in design strategies for implantable antennas.

Chapter 3. Analysis of In-body Antenna Miniaturization

This chapter focuses on the miniaturization strategies of implantable electrically
small antennas (ESA). The main goal here is to identify the most efficient
miniaturization method for in-body multilayer square PIFAs in terms of efficiency.
Antenna parameterization and several radiator structures are presented.

This chapter offers important advice regarding the miniaturization process of
implantable antennas. On the basis of the results, a final prototype is presented for
implementation in LTCC technology.

Chapter 4. Influence of Phantoms on In-body Antenna Performance

This chapter studies the interaction between phantoms and EM radiation in depth.
Variations in antenna performance due to several phantom parameters, such as
geometry, volume, implant depth and frequency, are quantified and analysed. The
antenna orientation and the use of anatomical phantoms are also assessed.
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The results of this chapter provide useful clues for understanding why different
phantoms lead to variations in efficiency, gain, and other antenna parameters.
These variations were also found when comparing different implantable antennas
available in the literature review. Therefore, in order to compare the antenna
designs of different research groups, a characterization protocol for phantom
dimensions and implant depth is proposed.

Chapter 5. Fabrication and Characterization of In-body Antennas Based on
LTCC Technology

In this chapter the manufacturing process of multilayered antennas in LTCC
technology is described and assessed. Sensitivity tests are carried out to quantify
possible fluctuations in antenna performance due to the manufacturing process. In
addition, three measurement techniques are presented with the aim of minimizing
the coaxial effects in the implantable antenna characterization.

The aim here is to address the critical issues that appeared during the antenna
manufacturing in LTCC, from the industrial point of view. Most of this chapter
presents new approaches on how to improve the characterization of an
implantable antenna, such as a measurement setup based on optical fiber.

PART 2. ANTENNA DEMONSTRATORS

Chapter 6. Design and Characterization of a Multilayered Broadband
Antenna for Compact Embedded Implantable Medical Devices

A new compact implantable antenna design is presented to meet some of the
challenges presented in previous chapters. The main features of this novel design
are its miniaturized size, its structure that allows integration of electronic circuits
of the implantable medical device inside the antenna, and enhanced bandwidth
that mitigates possible frequency detuning caused by the heterogeneity of
biological tissues. The antenna is manufactured and validated experimentally.

Chapter 7. Design and Characterization of a Miniaturized UHF RFID Tag

In this chapter, a novel miniaturized UHF RFID tag structure is presented for in-
body applications. Taking into account previous designs presented in the thesis
and the impedance matching of RFID chips, PIFA-based antennas with inductors
are evaluated.

Chapter 8. Design and Characterization of a Phased Antenna Array for Intact
Breast Hyperthermia

This chapter presents a new compact and wearable microwave antenna array for
delivering hyperthermia to tumors located at different sites within the breast.
Various parameters are assessed in order to optimize the configuration of the
system. A focusing algorithm has been developed to maximize the selectivity and
resolution of the applicator, which aims to facilitate controllable power deposition
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within the intact breast. Finally, an ex-vivo experimental thermal validation on a
preliminary prototype indicates the practical feasibility of the system.

Chapter 9. General Discussion, Conclusions and Future Work

A summary of all the work performed in the thesis is presented, together with a
general assessment of the most salient issues. Some recommendations and
possible future contributions are also discussed.

Appendix A. Characterization of LTCC In-body Antennas
This appendix shows characterizations of the whole range of antenna designs
manufactured in LTCC technology and presented in Chapter 5.

Appendix B. Scientific Curriculum Vitae of the Author
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2. Antennas in the Presence of a
Human Body

2.1. Introduction

The human body plays a crucial role in the design and characterization of antennas
for biomedical applications. Its heterogeneous, dispersive and lossy behavior
significantly alters antenna performance and EM propagation. Anatomical
variability between patients also increases the complexity of finding a suitable
design for a desired application. Thus, several considerations have to be taken into
account when designing an antenna for use inside or close to the human body.

This chapter focuses on the main aspects involved in the interaction between
antennas and biological tissues. The principal goals here are:

¢ To better understand antenna performance in the presence of a human
body.

* To present strategies to achieve the desired antenna performance.

* To introduce the modeling methods and computational tools used in the
design process.

* Toreview existing human models and phantoms.

* To describe the current measurement issues for in-body antennas.

* To present the current state of the art for implantable antennas.

2.2. Microwaves and Biological Tissues

This section presents a theoretical approach to the particularities of the interaction
between microwaves and biological tissues. Frequency ranges used in
biotelemetry, and defined by international organisms (see Subsection 2.3.3), are
comparable to the size of human body in terms of wavelength. This similarity in
size implies some macroscopic electrical effects that are described in [38]: 1) the
induction of dipolar polarization, 2) the alignment of existing dipoles and 3) the
movement of free charges.

2.2.1. Tissue Dielectric Properties

The electrical permittivity € and the electrical conductivity o of a biological tissue
define the interactions between it and an EM field that is present [38].

13
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For a homogeneous, isotropic and linear medium, absolute permittivity and
conductivity can be defined as complex quantities [14], as given by Equation 1 and
Equation 2,

e(w,T) =¢o(er —j&r) (1)
o(w,T)=0"—jo" (2)

where ¢, is the permittivity of the vacuum (g, =8.8541878176x10-12 F/m), &, the
relative permittivity of the medium and o electrical conductivity expressed in S/m.
Both parameters are dependent on the frequency w and the temperature T.

Electrical permittivity describes the phenomena of induced polarization and the
alignment of existing dipoles in the presence of an applied electric field. The real
part (&') represents the lossless component of the medium, related to the
polarization, while the imaginary term (¢'’) describes the energy losses due to the
damping of the vibrating dipole moments and the time lag responses of the
medium [39]. The electrical conductivity is a measure of the capacity of a material
to allow free electric charges to circulate.

Considering Equation 1 and Equation 2, the relative effective permittivity ¢, and
conductivity o, can be expressed as:

1

g
Ee =& — = (3)
o, =0 — weye) (4)

Taking into account Maxwell’s equations, the complex effective permittivity ¢, can
be redefined as:

e =coleb—jel) =eo (et —j2E) (5
The loss tangent tan § helps to understand the degree to which a medium can be
said to be “lossy”. It corresponds to the relationship between the imaginary part
and the real part of the complex effective permittivity:

tans = — % = =< (6)

!
A WEE,

The dielectric properties of biological tissues are extracted from the review work
of Gabriel et al. [40].

The effective wavelength A, of a medium at angular frequency w can be redefined

_ 21 wEp
e = NEY Re {stﬁé—jo{,} (7)

as:
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It is worth noting the dependency of the effective wavelength on the effective
permittivity. Given an EM field, 1, will be smaller in a medium than in a vacuum.
This is of great relevance to the miniaturization of implantable antennas.

EM propagation in biological tissues presents higher attenuation rates due to the
losses the medium gives rise to. Moreover, reflected fields appear at the interfaces
of tissues and at the air-body interface, increasing the complexity of predicting the
EM behavior of an antenna in a realistic scenario within or close to a human body.

2.2.2. Biological Effects

The biological effects of RF radiation can be divided into thermal and non-thermal.
For RF fields in the frequency range between 1 MHz and 10 GHz, EM energy is
absorbed by tissues leading to a possible temperature increase. Such a thermal
increment is produced due to oscillatory modification of the spatial orientation of
bipolar molecules, mainly water in biological tissues. In a thermal effect, just such
an increment of tissue temperature is produced, which can lead to harmful
consequences because of the incapacity of the homeostatic system to
thermoregulate correctly. For non-thermal effects, there is still controversy
concerning the harmful consequences for biological tissues, but to date, there is no
evidence of either carcinogenesis [41] or EM hyper sensibility [42].

The Specific Absorption Rate (SAR) quantifies EM radiation absorption by tissues
and represents the amount of energy or power deposition per unit mass of
biological tissue. The local SAR is expressed as:

— |E|?0,

SAR (8)
where E is the electric field strength (V/m), o, is the effective electrical
conductivity (S/m) and p is the mass density of the tissue (kg/m3) [43].

The body’s thermal sensors are located in the skin and do not readily detect the
warming of deep areas of the body. Therefore, significant amounts of RF energy
can be absorbed without it being immediately noticeable. This is of specific
concern in the design of in-body medical devices that use biotelemetry. Limitations
established by the pertinent organisms guarantee non-harmful levels of RF
radiation (see the next section).

The spatial-average SAR is computed in EM solvers and measured in RF
laboratories to check that its maximum peak remains below the limits indicated in
regulations. The spatial-average SAR is calculated as:

1
mass(V)

SAR (V) =

J, SAR(r) dm (9)
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where V is the finite volume that a region with a specific mass occupies. SAR
assessment is also useful to determine the maximum radiation power a device is
permitted.

The thermal evolution of a biological tissue is indicated for safety purposes or for
thermal therapies, such as the design of microwave hyperthermia devices. It is
possible to determine thermal variations in a biological tissue by means of the
bioheat equation (Eq. 10) defined by Pennes [44]:

pCE =V kVT + Q= B(T — Ty) + A (10)

where p is the density of the material (kg/m3), C is its specific heat capacity
(J/kg°C), T is the temperature (°C) at a time ¢t (s), k is the thermal conductivity
(W/m°C), Q is the heat source or volumetric power deposition (W/m?3], B is the
blood perfusion coefficient (W/m-3 °C), Ty is the blood temperature (°C), and Ao is
the heat generated by metabolism (W/m-3). The heat source in the Pennes
equation is calculated from the EM fields using Equation 11:

Q=J E (11)

where J is the current density (A/m?2).

2.2.3. Exposure Guidelines and Regulations

In recent years, concern associated with microwave radiation has grown due to the
continuous rise of wireless communications. In order to avoid harmful effects in
the human body, several guidelines and regulations for EM fields have been
developed based on scientific evidence. The regulation for SAR measurements and
their maximum acceptable values are established by the American National
Standards Institute (ANSI), the Institute of Electrical and Electronics Engineers
(IEEE) [43] and the International Commission on Non-lonizing Radiation
Protection (ICNIRP) [45] (Table 1).

The precise property that appears to be responsible for the effects of EM radiation
on the human body depends on its frequency. For this reason, three basic EM
exposition restrictions are defined:

e Current density (1 Hz - 10 MHz)
* SAR (100 kHz - 10 GHz)
* Power density (10 GHz - 300 GHz)
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Table 1. SAR levels according to IEEE and ICNIRP regulations for the general public

[43], [45].
Cube mass Whole body average Head and trunk Limb localized
SAR (W/kg) localized SAR (W/kg) SAR (W/kg)
10g 0.08 2 4

For the frequency range of interest in biotelemetry, SAR regulations have to be
addressed. The SAR limits are calculated on the basis that a temperature rise of 1°C
in a resting person due to radiation is considered to be harmful. According to the
ICNIRP and IEEE standards ([43], [45]), this occurs at an average SAR value of 4
W/kg over the whole body for 30 minutes. From this experimental SAR value,
regulations apply a correction factor and establish basic restrictions for reference
purposes.

The regulations propose limits to both localized SAR (in a cube of 10 g of tissue)
and the average SAR over the whole body (Table 1).

According to these basic restrictions, technical organisms define maximum SAR
values for wireless devices:

* United States: the Federal Communications Commission (FCC) specifies a
maximum SAR of 1.6 W/kg in a cube of 1 g of tissue.

e European Union: the European Committee for Electrotechnical
Standardization (CENELEC) establishes a limit of 2 W/kg averaged over a
10 g cube.

The FCC standard is more restrictive than IEEE and ICNIRP standards, since a SAR
value of 2 W/kg in a 10 gram cube is equivalent to a SAR value between 4 and 6
W/kg in a 1 gram cube [46].

2.3. Challenges for the Design of Antennas in the Presence

of a Human Body

This section focuses on specific challenges associated with the design of devices
that employ wireless biotelemetry in the presence of a human body. The state of
the art of implantable antennas is also assessed from different points of view.

2.3.1. Miniaturization

Devices working in a WBAN usually require a certain degree of miniaturization to
increase patient comfort and facilitate its placement, especially for devices
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operating inside the body. Typical limitations of electrically small antennas (ESAs)
in terms of bandwidth, quality factor and gain [47]-[50] apply to these designs.
Due to the presence of a lossy medium, additional challenges have to be overcome
for in-body antennas. In [14], an accurate analysis of the limitations of implantable
antennas is presented using submarine radiators as an analogy. The main
conclusion of that study is that the results given by Wheeler [51] provide valuable
information for estimating the limitation of radiation efficiency as a function of the
antenna size (the radius of the sphere enclosing the radiator).

The main objective of the miniaturization process is to reduce the size of the
antenna at a given frequency while maintaining an adequate level of radiation
efficiency. Bandwidth and radiation pattern are also sensitive to size reduction. As
miniaturization for in-body devices presents more challenges than for on-body
devices, only an overview of the former is presented here.

Several miniaturization strategies have been presented in the literature for the
design of in-body antennas. Antenna design based on patch radiators, such as
planar inverted F antennas (PIFAs), emerges as the most commonly proposed
structure for implantable antennas of small volumes. Multilayer PIFA structures
have also been proposed. Other radiator structures, such as monopoles, dipoles,
loop antennas and 3D-structures, are also present in the literature. A summary of
some representative antenna designs for implantable devices is provided in Table
2.

Lengthening the current flow path on the patch surface allows the available space
to be taken advantage of to increase the miniaturization. Serpentines [52]-[57],
spirals [53], [54], [57]-[61] or fractal geometries [62] have been investigated for
implantable antennas. The work presented by Best et al. [63] studies the influence
of the radiator current vector on the antenna size, reporting that nearby
conductors with currents flowing in the opposite direction lead to an increase of
the resonant frequency. A thinner radiator also reduces the total size of the
antenna, but produces greater current concentrations in the antenna, leading to a
bandwidth reduction; as described in [49].

Table 2. Antenna designs for implantable devices.

Antenna design References

Patch [54], [64]-[67]

One-layer PIFA [64], [53], [68]-[79], [55], [80], [52]
Multilayer PIFA [68], [79], [81]-[84]

Monopoles [85]-[88]

Dipoles [56], [59], [60], [89]-[92]

Loop [93], [94]

3D-structures [61], [95], [96]
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Another miniaturization technique for in-body antennas is to use materials with a
high dielectric permittivity (substrate and/or superstrate) or a technology focused
on the compaction of the electronics with the antenna. This is the case of the LTCC
technology used in this thesis, which has certain features (such as the
implementation of internal pathways and cavities) that allow integrated
microstructures to be embedded within the antenna. Thus, the complete structure
configures a compact implantable medical device [97]-[100].

Loading techniques to improve impedance matching may help in the process of
reducing antenna volume. Capacitive and inductive loadings are presented in [67]
and [89], respectively.

Finally, increasing the operating frequency of the wireless biotelemetry of the
device can also help in the miniaturization of the antenna, as the wavelength and
the frequency are inversely proportional.

In the next chapter, a detailed analysis of a miniaturization process for implantable
antennas is presented.

2.3.2. Biocompatibility

Implantable antennas must be biocompatible to ensure patient safety and prevent
implant rejection. Two main techniques are used to preserve the biocompatibility
of the antenna, isolating the metallic radiator from the human tissue: employing a
biocompatible substrate and/or superstrate; and the insertion of a thin layer of a
low-loss biocompatible coating (biocompatible encapsulation) [101].

Table 3 shows biocompatible materials used to isolate implantable antenna
presented in the literature.

As [ mention previously, a high permittivity allows greater miniaturization, while a
low loss tangent means low losses and better antenna performance. Therefore, I
chose LTCC for this thesis as a suitable substrate for implantable antennas because
of the following features it exhibits:

e High permittivity

* Lowloss tangent

e Multilayer technology

¢ Implementation of internal pathways and cavities

e Possibility of embedding integrated microstructures
* Reliability in the manufacturing process

e Durability

* Biocompatibility (with certain substrates)
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Table 3. Biocompatible materials used to isolate implantable antennas.

Dielectric properties

Polymers References £, tan &
Silastic® MDX4-4210 [101] 3 0.001
Polyether ether ketone (PEEK) [14] 3.2 0.01
Polypropylene [14] 2.55 0.003
Polyamide [14] 4.3 0.004
Polydimethylsiloxane (PDMS) [90] 2.2 0.013
Polytetrafluoroethylene (Teflon) [54] 2.2 0.0003
Parylene-C [80] 2.95 0.013

Ceramics
Macor [101] 6.03 0.0047
Alumina [14], [101] 9.2-94 0.006 - 0.008
Zirconia [14], [101] 29 0.002 - 0.05
LTCC [97] 7.8 0.005

2.3.2.1. Substrate Characterization

The LTCC substrates used in this thesis are manufactured at the company Fransico
Albero S.A.U. [102] following an accurate manufacturing process described in
Chapter 5. In order to validate their dielectric properties, they are characterized
using a rectangular waveguide cavity resonator (Figure 3) in the laboratory where
my research is performed. According to the detailed explanations described in
[103], one can derive Equation 12 and Equation 13 to give the effective
permittivity and the loss tangent of the material for certain resonant frequencies:

, (d+t) B
e = 1+ 2t[—+ sm n— ][ ] (12)
_ (d+t) 11
tan § = 282t[%+%sin(n%)] (Qd Qo) (13)

where the dimensions of the cavity and the substrate are as given in Figure 3
(a=203.2 mm, d=430.2 mm, w=70.9 mm and t=1.35 mm); f; and f, are the odd
resonant frequencies with and without the dielectric substrate, respectively; and
Qg and Q, are the quality factor with and without the dielectric substrate,
respectively. Although an exhaustive analysis of the characterization by means of
this method is not within the scope of this thesis, some results are given in Table 4.

An example of the resonant frequency variations produced by fluctuations in a
range close to the nominal values in substrate dielectric properties is given in
[104]. Results indicate only a frequency shift of 1% when changing the substrate
permittivity by up to * 0.4. However, variations in permittivity have to be
considered at the modeling stage, as other designs could lead to significant
frequency detuning (see Subsection 5.3.2).
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Figure 3. Set-up to measure the dielectric properties using a rectangular waveguide
cavity resonator. The LTCC substrate is located in the middle.

Table 4. Main parameters of the rectangular waveguide cavity resonator with and
without the dielectric substrate and the measured dielectric properties of the Heraeus
51528B LTCC substrate.

fo (MH2) Qo fa (MHZ) Qa € tané
815.5 6822 805.7 5272 7.2 0.0015
1276.5 8493 1261 6395 7.2 0.0014
1887.6 11034 1862.7 7206 7.5 0.0007
2540.5 12416 2513.8 8891 6.4 0.0023

2.3.3. Operating Frequency

Inductive couplings at frequency bands lower than 15 MHz were employed as the
first method of wireless communication integrated in an IMD, such as the cardiac
pacemaker presented in [105]. This consists of two inductors, one in the IMD and
the other outside the body, that are able to transmit data when in close proximity.
Drawbacks of this technology are related to misalignment between the inductors,
slow data transfer rates and short distances of communication. Thus, RF antennas
were proposed to overcome these limitations.

Table 5 classifies several frequency bands that have been used in the literature for
antennas used in biotelemetry. The most commonly employed bands are the
Medical Device Radio Communication Service (MedRadio) band of 401 - 406 MHz
[106] and the Industrial, Scientific and Medical (ISM) bands.

The criteria by which an antenna engineer selects the operating frequency band
depend on the application. While low-frequency links present lower losses through
biological tissues (due to lower conductivities), high-frequency biotelemetry
implies small antenna sizes and an enhancement of the communication speed.
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Table 5. Antennas for biotelemetry presented in the literature classified by working

frequency
Frequency band References
[53]-[55], [60], [61], [64], [65], [68]-[71], [73]-[76], [78], [79],
401 - 406 MHz [81], [83], [85], [89], [96], [107]-[114]
433 MHz [55], [73], [74], [94], [115]-[117]
860 - 960 MHz [55],[77], [84], [88], [91], [92], [94], [117]-[122]
1.2 -1.6 MHz [59], [62], [120], [123]
24-25cHg 159 166, [67], [70], [73]-[75], [80], [83], [89], [90], [94], [96],
; ; [98], [99], [112], [114], [117], [120], [123]-[125], [125]-[128]
More than 3 GHz  [86],[87], [117], [129]-[133]

2.3.3.1. Field Regions

Another important aspect that depends on the operating frequency selected is the
space distribution of the field regions, as they substantially modify the behavior of
the radiated power. The boundary between the near-field and the far-field regions
in electrically small antennas ranges from 1 to 2 times the wavelength, and the
reactive near-field zone finishes at a distance of A/2m, as illustrated in Figure 4.
This reactive region has a great impact on the behavior of the radiated power of
the antenna, as reported in [86], [134]. When implanted in biological tissue, the
surrounding lossy medium dramatically decreases the radiation efficiency of the
antenna because of its interaction with the reactive near-field. The dimensions of
these regions for the three main frequency bands studied in this thesis are
comparable with the dimensions of phantoms and implant depths, as can be
appreciated from Table 6. Hence, additional considerations of substrate size or
implant location have to be taken into account when defining the operating
frequency.

Radiating near-field

Transition zone Far-field

Figure 4. Field regions of an antenna.
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Table 6. Field regions for antennas implanted in a skin phantom as a function of the
frequency band

Regions Distanceup 403 MHz 866 MHz 2.45 GHz
to (mm)

Reactive near-field 0.159 A 17.3 8.5 3.2

Radiative near-field A 108.9 53.7 19.9

Transition 2 217.8 107.4 39.7

2.3.3.2. Frequency Detuning

As reported in detail in [38], [111], [135], the working frequency of wireless
biotelemetry systems becomes detuned, depending on the implant location, and
this detuning varies for each individual. These frequency shifts are mainly due to:
the mismatch of impedances between the antenna and its surroundings, which
varies as a function of the body size and shape; the composition and electrical
properties of tissues; the age of the individual; and the IMD placement, among
others. A frequency mismatch of 70 MHz is observed between individuals for an
implantable antenna operating at the MedRadio frequency of 403 MHz [111]
(Figure 5). In the process of designing an implantable antenna, detuning effects
have to be considered to establish a bandwidth large enough to ensure the
communication link with the device in different individuals and implant locations.

-20

Clest
oinen

dB

-30 !f.

40+

-50
300M 320M 340M 360M 380M 400M 420M 440M 460M 480M 500M
Hz

Figure 5. Example of the frequency detuning analyzed in [111]. The simulated
reflection coefficient of the proposed antenna implanted subcutaneously in different
locations of a male anatomical body phantom is presented.
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2.3.3.3. Bandwidth

When an antenna is surrounded by lossy media, near field coupling produces
strong dissipation into the environment, resulting in unusually wide band behavior
[14]. This means that, although it enhances the bandwidth, the presence of the
human body reduces the efficiency of the antenna.

As seen in the previous subsection, a large bandwidth is desirable in the design of
implantable antennas to diminish frequency detuning effects. The effect of
bandwidth enlargement due to lossy media may not be enough to fulfill this
requirement. Therefore, several studies focus on the bandwidth increment of in-
body antennas. Stacked implantable PIFA designs with an enlarged bandwidth are
presented in [68], [71], [79], [82]. In the design presented in [79], the bandwidth is
increased by embedding the hook-shaped slots at the edges of the radiating
patches; while in [82], the antenna shows wideband behavior using modified
ground structure. In the study reported in [56], a new resonant frequency appears
in close proximity to the fundamental one, due to the introduction of a strip
connected to a simple dipole. In [136], a differentially fed dual-band implantable
antenna that operates at two frequencies close to the MedRadio band is presented.
A single wideband is achievable by retuning the geometrical parameters of the
proposed antenna.

In Chapter 6 I analyze the design of a novel multilayered implantable PIFA with
broadband behavior in more depth.

2.3.4. Powering

In the presence of a human body, the maximum input power for wireless
transmission is limited by radiofrequency safety regulations, as mentioned before
in this chapter. SAR guidelines are intended to avoid harmful heating effects in
biological tissues, but their implementation significantly reduces the delivered
power. In addition, a great amount of this power is deposited in the body, reducing
the radiated power and transmission range.

Conventional powering of medical devices has been via internal power supplies.
However, in the case of IMD, additional issues have to be addressed, such as the
periodic replacement/recharging of the battery and the increment of the total
volume of the device the power supply supposes. Therefore, current research
focuses on new powering methods or passive technologies to develop batteryless
in-body devices [19].
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2.3.4.1. Energy Harvesting

Several antennas are proposed in the literature to be used as rectennas for RF
wireless power transmission [73], [137]-[139]. Inductive links are also proposed
for both data and power transmission [140]. Multiband antennas allow the
utilization of different frequency bands for biotelemetry, wireless power transfer
and/or a wake-up signal [83], [138].

Recent studies investigate various proposals to take advantage of environmental
energy sources. Examples of power harvesting include electrochemical [141],
[142], thermoelectric [143], kinetic [143], [144], ultrasound [145] and
photovoltaic [146], to name only a few.

2.3.4.2. Passive Technology

Passive devices do not require any power storage, as in the fully-passive in-body
devices presented in [147], [148]. Passive RFID tags in the HF [149], [150] and
UHF [118], [121], [151] ranges are also used. The main issue here is that an
external reader in close proximity to the antenna is required.

2.3.5. Radiation Pattern

The radiation pattern of an antenna is considerably affected by the surrounding
environment, especially that in the near-field region [134]. In the case of in-body
antennas, the implant depth and the body model or phantom used significantly
vary the spatial distribution of the EM radiation. Generally, an off-body
transmission is required, meaning that the radiation pattern should substantially
tend in the outwards body direction. Moreover, for on-body antennas, this
directionality reduces SAR values of the tissues in close proximity to the antenna.

In Chapter 4, I present a detailed analysis of the influence of phantoms on antenna
performance.

2.3.6. Efficiency

In a medical device with wireless biotelemetry, the lossy matter surrounding the
antenna strongly couples with the near-field, producing an increment in lost
power. This phenomenon causes a drastic radiation efficiency reduction for in-
body antennas. By allocating part of the near-field to a lossless substrate instead of
in lossy media, it is possible to mitigate this drawback [134]. An assessment of the
radiator structure could also lead to an improvement in efficiency. Indeed, the next
two chapters present a study of far-field features depending on the radiator shape,
the influence of the phantom and the location of the antenna, among others.
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In this thesis, the radiation efficiency is defined as the ratio between the radiated
power and the power delivered to the antenna. I consider that the radiated power
is in the far-field region, outside the human body.

2.3.7. Packaging

The encapsulation or packaging, including the placement of electronic
components, is an important factor in the design of antennas to be used in a
medical device. This is critical in IMD, where the available space is constrained by
its application and its location inside the body. Due to the electromagnetic coupling
between electronics and the antenna, it is advisable to take the overall design into
account in simulations by integrating all the elements so that the model is as
similar as possible to the real case.

In [152], a multilayer dual-band antenna integrated inside an implantable and
biocompatible capsule is presented. The capsule includes a temperature sensor, a
battery, a data transmitter module and a wake-up module. Examples of IMD
encapsulations are also found in ingestible devices, such as endoscopic capsules, as
can be seen in the work presented in [17]. In this approach, different packaging
strategies are proposed in order to integrate all the necessary blocks of the IMD
(antenna, transmitter, sensors and power management). Examples of antennas
embedded into endoscopic capsules or other cylindrical devices can be found in
[48], [72], [75], [86], [100], [117] and [144]. The main features of encapsulated
antennas are their small dimensions, wide bandwidth (especially for streaming
video data) and circular polarization (to favor the capture of the signal from the
external receiver given the arbitrary orientation of the endoscopic capsule).

As mentioned before, LTCC technology has been already used for in-body antenna
designs with packaging considerations. Actually, LTCC technology has been used
for almost 20 years to produce a multilayer substrate for packing integrated
circuits [154]. The fabrication method is based on processing each layer
independently and then stacking and packaging them by a lamination and a firing
process. This technology has shown appropriate electrical and mechanical
properties and high reliability and stability, as well as allowing production of 3D-
integrated microstructures [100] and passive elements [99]. LTCC technology has
proven versatile for building complex multilevel channel structures, including
large-volume cavities suitable for biological applications [155]. LTCC has been
tested for biocompatibility and has been used in various biological applications,
such as evaluation of human umbilical vein endothelial cells [156], and multi-
sensor monitoring [155].
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Apart from packaging purposes and to ensure biocompatibility, encapsulation is
also a main element in the reduction of losses, as it isolates the near-field of the
antenna from the lossy surroundings of a biological medium [134].

2.3.8. Antenna Modeling

EM simulation tools are used to predict antenna performance in a specific
environment. However, in spite of having several modeling methods and an
advanced level of computation, there are still some issues that compromise the
simulated results. Section 2.4 indicates the modeling techniques available and their
differences, as well as suggestions to reduce the burden of simulation time and
computational resources in the design process. In Section 2.5, the modeling of the
surrounding tissues, both in computer software and experimental validation, are
discussed in detail.

2.3.9. Antenna Fabrication

Substrate features or layer misalignments derived from the inaccuracies of the
manufacturing process can cause deviation from the predicted antenna
performance [104]. In ESAs, imperfections at the fabrication stage are more
significant because of the relatively reduced dimensions of the prototypes. In
addition, for multilayered structures, the utilization of glue between layers could
increase thickness and modify the effective dielectric properties of the substrate,
as indicated in [14], [61], [104]. Therefore, fabrication techniques for multilayered
antennas based on the integration of all the parts in a compact monolith are
promising alternatives; this is the case of LTCC technology. Other factors that have
to be considered during the migration from numerical models to prototyping are
the thickness of metal patches and the feed method [104]. In Chapter 5, I offer a
detailed description of the manufacturing process.

2.3.10. Antenna Characterization

One of the main challenges in the design process for antennas to be used in the
presence of a human body is experimental validation before becoming integrated
with the whole device, especially in the case of in-body antennas. Regarding the
literature on in-body antennas, only a few works present in-vitro, ex-vivo or in-vivo
antenna measurements in order to confirm simulated results, especially for far-
field features. This is because, as discussed in [14], feeding through an unbalanced
coaxial cable significantly alters antenna performance (frequency detuning up to
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25% was found in that study). Thus, consideration of the effects of the cable when
experimentally characterizing antenna performance is advised.

Several solutions have been developed to avoid disturbances due to the cable, such
as baluns, chokes and ferrites ([61], [96] and [157]). While reflection coefficient
measurements can be found in much literature, only a few studies present far-field
characterization (gain, efficiency or radiation pattern). For instance, to
characterize far-field antenna performance, the work in [157] determines antenna
gain using the equation:

G (dBi) = Gstandara + (GAUT - Gref) (14)

where Ggtandara 1S the simulated gain of the reference antenna (dBi), G4yr is the
measured gain of the tested antenna (dB), and G,.f is the measured gain of the

reference antenna (dB).

In Subsection 5.2.3, detailed analysis of these issues is given.

2.4. Computational Tools for EM Simulation

Modeling an antenna and its surrounding media plays a key role in the accuracy of
simulation results. Several numerical techniques for EM modeling are widely
adopted in the literature to predict antenna performance in the presence of a
human body; the most commonly used methods are Finite-Difference Time
Domain (FDTD), Finite Integration Technique (FIT) and Finite-Element Method
(FEM) (see Table 7). The Method of Moments (MoM), although not generally used
in biomedical applications, is commonly applied to multilayer structures.

These numerical methods can be classified according to the model of equation on
which they are based (the integral equation (IE) or differential equation (DE)
model), or by the domain used (time or frequency), as shown in Table 7. A detailed
explanation of these four numerical techniques for modeling the interaction of EM
fields with the human body can be found in the work presented in [158].

2.4.1. FDTD Method

As most of the simulations carried out in this thesis are performed using the FDTD
method, a brief explanation of this modeling technique is presented here.

The FDTD method solves differential equations in partial derivatives approaching
the differential operators by operators over finite differences. This allows the
resolution of the Maxwell equations in the temporal domain. The way to define the
finite differences is to convert the target volume into small cuboid cells with
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significantly smaller dimensions than the radiation wavelength (Figure 6).
Typically, the minimum spatial sampling is at intervals ranging from 10 to 20 per
wavelength, thus obtaining temporal sampling that is fine enough to keep the
algorithm stable.

The electric fields are defined at the center of the edges of the cubes, while the
magnetic fields are taken to be at the center of the faces, as proposed by Yee [159]
(Figure 6). Thus, cells with three electric fields and three magnetic fields can be
obtained, and the Maxwell equations in finite difference equations can be solved
for each cell.

Table 7. Numerical methods used in the literature for the modeling of antennas in
biomedical applications.

Numerical Domain Equation References
method model
[53]-[55], [57], [58], [76], [90], [93],
FDTD Time DE [107], [111], [120], [121], [124], [128],
[160]-[163]
FIT Time IE [52], [67], [94], [129], [164]
MoM Time IE [165]

[52], [61], [68], [69], [73], [110], [136],

FEM  F DE
requency [157], [163], [166], [167]
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Figure 6. On the left, FDTD tissue segmentation. On the right, unit cell with electric and
magnetic fields components used in the Yee FDTD algorithm [159].
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FDTD resolution methods use algorithms to calculate the components of electric
and magnetic fields in terms of position and time. The process is repeated
iteratively until all values of the computational domain are obtained; but since the
spatial domain is finite, a method of minimizing the reflection of boundaries at the
end of the mesh is required. Thus, several FDTD implementations with absorbing
boundary conditions have been presented, and are widely discussed in [168]. The
Perfectly Matched Layer (PML), firstly introduced in [169] and widely employed
nowadays, presents highly effective suppression of reflections at the boundaries
using layers of materials with both magnetic and electric loss.

The FTDT method results in a powerful simulation tool as it can discretize complex
3D structures, obtaining results for the whole volume. This also facilitates the
visualization of the propagated fields and the post-processing development.

2.4.2. Considerations of the Modeling Methods

The selection of one method or another depends on several factors, such as the EM
software used, the computational resources available, the expertise of the antenna
engineer, the kind of application and the tradeoff between accuracy and simulation
speed. As shown in Table 7, FDTD is the most popular method, mainly because it
can take advantage of the Graphics Processing Unit (GPU) acceleration, thus
significantly reducing simulation time when dealing with complex body models.

Meanwhile, the main advantages of FEM are its high efficiency for multi-port
applications as it solves all ports in only one simulation, and the highly detailed
geometrical modeling, even across curved surfaces. Both FDTD and FEM solvers
have the capacity to handle large, complex and arbitrary 3D structures.

The FIT method can be considered as a generalization of the FDTD method with
some features of the FEM method. While FDTD has problems handling curved
surfaces or highly irregular geometrically detailed boundaries (known as the
“staircasing effect”), the FIT method supports advanced meshing features, such as
the Perfect Boundary Approximation (PBA), which allow accurate modeling of
curved boundaries.

The MoM is not commonly used in the design of antennas for use in the presence of
a human body. MoM employs a surface mesh, which is not ideal for the modeling of
complex 3D structures such as the human body. However, in the initial steps of the
antenna design, MoM may be considered to obtain an initial frequency response,
but only if the following two conditions are met: 1) the antenna follows a
multilayered structure and 2) the canonical phantom is homogeneous. By
evaluating the frequency response of the antenna with Mo}, it is possible to save
considerable time and resources at the beginning of the design process.
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In this thesis, different commercial EM software packages have been used,
depending on the application or the design stage: Sim4Life from Zurich MedTech
AG [170], based on the FDTD method, have become the most commonly used
software for biotelemetry applications in the middle and advanced design stages;
Computer Simulation Technology (CST) Microwave Studio [171], based on FIT, has
mainly been used for microwave hyperthermia; Advanced Design System (ADS)
[172], based on MoM, has been helpfully in the initial steps of the design of
multilayer antennas; and EMPro, based on FEM and integrated in ADS, has mainly
been employed to verify results and as a bridge between ADS and the other
platforms.

From the point of view of the antenna engineer, working with more than one
simulation tool increases confidence in the results (for instance, both FEM and
FDTD methods are used together in [110], [163]). In addition, in order to save time
and computational resources, and depending on the problem characteristics, one
method or another may be recommendable. For example, in the initial antenna
design step, MoM or FEM methods can be used to obtain a first prototype in a
homogeneous phantom, due to the reduced time they require. As the design and
the environment become more accurate, FEM, FDTD or FIT emerge as suitable
methods because of the implementation of human body phantoms and the
possibility of speeding up simulations using GPU-based accelerator technology. In
[52], for example, a three-layer tissue phantom is firstly evaluated in FEM and then
a voxel model is tested in FIT.

In this thesis, most of the antenna designs for biotelemetry applications are firstly
tested and tuned in MoM (through ADS software) and afterwards evaluated in a
voxel model based on FIT or FDTD (CST or Sim4Life software, respectively). As
already mentioned, the advantages of using several computer programs and
numerical methods are, on the one hand, the possibility of comparing the same
design through different methods and, on the other hand, the significant reduction
in the time and computing resources needed for simulations.

2.5. Human Body Models

The presence of a human body in close proximity to an antenna modifies its
performance because, as mentioned before, the near-field strongly couples with
the surrounding lossy media. Thus, correct selection of the human model or
phantom during the antenna design is crucial for the assessment of an antenna
proposed for a certain application. Several models of the human body have been
presented and assessed in the literature over recent decades. The work presented
by Ito [173] summarized some of the most relevant phantoms used for wearable
and implantable applications. Merli [14] and Kiourti et al. [174] present two
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extensive reviews of the phantoms used in implantable applications, from
simulations to experimental validations. In this section I aim to complement and
update those works by presenting a non-exhaustive overview and the state of the
art of several aspects that should be taken into account when dealing with human
body models, especially for implantable applications.

The selection of one body model or another depends on several factors, such as the
target application and the time and resources available. Generally, in the early
stage of an antenna design, it is common to choose a theoretical or canonical
phantom for two reasons: to save time and computational resources; and to be
able to experimentally validate the results with the same model. However, at a
more advanced validation stage, realistic or voxel phantoms are required.
Simulations in such accurate phantoms must not be underestimated, since small
fluctuations in the dielectric properties of the tissues lead to unexpected variations
in antenna performance [173].

Dielectric properties of biological tissues are well established worldwide from the
work of Gabriel et al. [40] in the nineties. They cover a wide frequency range, from
10 Hz to 100 GHz, and are easily available online at [175], [176].

It is difficult to compare antennas presented in different works, as their
performance strongly depends on the phantoms used. These models differ in a
large number of parameters, such as geometry, size, targeted tissues, number of
tissues, accuracy of the model, operating frequency range, placement and
orientation of the medical device, and temperature dependency. A review of these
parameters and a discussion of their influence on antenna performance is
presented below.

2.5.1. Theoretical or Canonical Phantoms

These are mostly used at the beginning of the antenna design process, although
they are also utilized for analytical assessment [134], [177], for experimental
validation [54], [55], [64], [96], [118] and for comparison of the performance of
different antennas in the same scenario. These models can be classified according
to the following parameters.

Basic shapes are commonly accepted in the literature to assess antenna
performance in a human model. Rectangular cuboids are the most frequent
phantom, mainly because they are easy to manufacture for validation purposes
[54], [55], [64], [96], [118]. Cylindrical [121], [166], [178], [179] as well as
spherical [55], [64], [134], [157], [177], [180] phantoms are widely proposed for a
variety of applications, such as to represent the arm [179], the neck [121], the head
[55], [64] or the eyeball [157]. For representation of the trunk, ellipsoids are
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proposed in [135]. For hyperthermia treatments, semispherical phantoms attempt
to simulate breast models [181], [182]. Finally, a combination of various canonical
shapes entails a more accurate approach to modeling the whole human body [183].
In [184], a combination of basic shapes is used to model pregnant women.

2.5.1.2. Volume

The phantom dimensions are often selected depending on the application. There is
a huge range of sizes of proposed phantoms in the literature, which makes
comparison of antenna performance between prototypes very difficult. As can be
seen in Table 8, phantom volumes have a wide spread of values, ranging from 37
cm3 [180] to 14484 cm3 [96].

Table 8. Properties of in-body antennas and phantoms in the literature.

Ref. Freq. Phantom Phantom Phant. Implant Phantom
Geometry Dimensions Vol. depth Tissues
(mm) (cm3) (mm)
[55] 402 MHz Cube 100x100x100 1000 ~50 Skin
[55] 402 MHz Sphere 100 2356 ~50 Skin-Bone-
Grey matter
[54] 402 MHz Cuboid 50x40x20 40 7 2/3 muscle
[81] 402 MHz Cuboid 60x50x20 60 7 2/3 muscle
[53] 402 MHz Cuboid 50x100x100 500 1.3-3.8 Skin
[118] 868 MHz Cuboid 40x80x160 512 5 Skin-
Fat-Muscle
[178] 4 GHz Cylinder 15x40 28.27 10 Average tissue
[179] 402 MHz Cylinder 50x300 2356 2 Skin-Muscle-
Bone
[64] 402 MHz Sphere 90 1718 ~90 6-layer
[64] 402 MHz Cuboid Height of 100 - 4 Skin
[94] 402 MHz- Elliptic 180x100x50 900 - Muscle
2.45 GHz cylinder
[180] 402 MHz Sphere 12.5 37 ~5 Vitreous humor
[108] 402 MHz Cuboid 50x100x100 500 38.1 Skin
[128] 2.45GHz Cuboid 152x152x20 462 8 Saline liquid-
Scalp
[60] 402 MHz Cube 150x150x150 3375 75 2/3 muscle
[185] 402 MHz Cuboid 150x110x80 1320 15 Muscle
[80] 402 MHz - Cube 100x100x100 1000 3 Skin
2.45 GHz
[52] 402 MHz Cuboid 92.5x92.5x39.27 ~336 18 Skin-
Fat-Muscle
[84] 900 MHz Cuboid 200x60x54 648 - Skin-
Fat-Muscle
[90] 2.45 GHz Cuboid 180x60x60 648 4 Muscle
[96] 402 MHz - Cuboid 355x255x160 14484 9 Skin
2.45 GHz
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2.5.1.3. Implant Depth

In the case of in-body antennas, not only the volume but also the implant location
is a critical parameter concerning antenna performance. The implant depth
determines the amount of lossy tissue through which the EM radiation has to be
propagated. The implant depth, as well as the volume of the phantom, varies across
a broad range of values, depending on the application (subcutaneous or deep);
from 1.3 mm [53] to 90 mm [64]. This also makes comparison between proposed
prototypes harder.

2.5.1.4. Orientation of the Implanted Device

Normally, the purpose of an antenna for biotelemetry is to have its maximum gain
directed outwards from the body, to improve the communication link. However,
the application itself does not always allow the orientation of the antenna to be
selected, leading to deterioration of the far-field parameters. In [129], the effect of
antenna orientation is considered when evaluating SAR in a brain implant.

2.5.1.5. Frequency Dependence

Dielectric properties of biological tissues change with frequency, as can be seen in
Table 9 for the tissues most commonly used in literature [40]. Several analytical
models have been developed to match the empirical data. For instance, the well-
known Cole-Cole model has been proposed to account for the frequency
dependence of the complex permittivity, and can be expressed as:

Es—Ex0 (4]

é(w)=¢€x,+ (15)

1+(Jwt)1=%  jwe,
where w is the angular frequency, 7 is the mean relaxation time, &, is the
permittivity at field frequencies where wt > 1, & is the permittivitty at wt < 1, a
is a parameter related to the dispersion and g; is the conductivity due to ionic drift
and polarization processes at lower frequencies [186].

Body phantoms together with frequency dependency should be considered in the
design of multiband or wide-band in-body antennas. In [14], [75], two different in-
vitro phantoms are considered for the characterization of dual-band antennas. The
recent literature tends to use ex-vivo phantoms, which have implicit dependence
on frequency (see Subsection 2.5.3.2).

Table 9. Dielectric properties of the tissues at different frequency bands [40].

& 6 (S/m)
Frequency (MHz) 403 868 2450 403 868 2450
Skin 46.72 4158 38.01 | 0.689 0.856 1.464
Fat 558 5.47 528 | 0.041 0.05 0.105
Muscle 5710 55.11 52.73 | 0.797 0.932 1.739
2/3 muscle 38.07 36.74 35.15 [ 0.531 0.621 1.159
Bone 13.14 1249 11.38 | 0.092 0.14 0.394
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2.5.1.6. Temperature and Aging Dependence

Despite not having much weight in the usual process of in-body or on-body
antenna design, temperature fluctuations and the aging of tissue have a certain
influence on dielectric properties. In the work presented in [187], a review of
variations in tissue characteristics as a function of the temperature is presented.
Meanwhile, as detailed in [188], an analytical expression for evaluating the effect
of aging (mainly due to variations in the water content of biological tissues with
age) on dielectric properties of tissue is developed. In biotelemetry, the
dependency of dielectric tissue properties on both temperature and age are
negligible. The study developed in [129] shows the evaluation of an in-body
antenna design taking into account age dependency. For thermal treatments, such
as microwave hyperthermia or ablation, the inclusion of temperature dependency
in phantom models becomes much more relevant.

2.5.1.7. Tissues

Depending on the number of biological tissues included in a theoretical phantom,
we can consider them homogeneous or multilayered phantoms. In [40] the
dielectric properties of the most representative human tissues are described. For
homogeneous phantoms, skin is the most used tissue in the literature [55], [56],
[64], [66], [68]-[70], [74], [75], [78]-[80], [85], [89], [136], [179]. However,
various works have developed implantable antennas in muscle [90], [94] or 2/3
muscle equivalent tissue [54], [60], [81], [107], [124], [189]. Other tissues have
been tested, such as scalp tissue for intracranial pressure sensing [128]. In [113],
rat tissue phantoms are employed to simulate the same dielectric properties as in
the experimental setup.

Multilayered phantoms are usually constituted of 3 tissues (skin, fat and muscle),
as can be seen in [52], [64], [75], [84], [118], [136]. In [117], a comparison between
implanted bare straight dipoles in homogeneous and 3-layer tissue phantoms is
presented in the ISM bands of 433, 915, 2450 and 5800 MHz. The results show
that, in terms of safety requirements, the homogeneous phantom is more
conservative (it tends to present more losses). To model specific body parts, other
layered models have been proposed. In [135], [179], cylindrical arm models
consisting of skin, muscle and bone tissues are studied. In [135], canonical models
of head and trunk are also proposed, consisting of a spherical head phantom of
skin, bone and grey matter, and an elliptical cylinder trunk model of skin, fat and
muscle. In [64], a 6-layer (skin, fat, bone, dura, cerebrospinal fluid and brain)
spherical phantom is proposed as a head model. For the modeling of breast tissues,
2-layer (skin and fibroglandular tissue) phantoms are commonly used [181]. Table
8 summarizes some representative prototypes proposed in the literature.
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2.5.2. Voxel, Realistic or Anatomical Phantoms

Voxel phantoms are human models that take into account the real geometry and
distribution of biological tissues. Medical imaging techniques provide detailed data
for the models, which can be employed in simulation software to test antenna
prototypes in a more realistic environment than canonical phantoms. One of the
first available voxel human models was Hugo, from the Visible Human Project, in
1994 [190] (Figure 7 (a)). Since then, new human body models have been
developed, increasing the number of tissues and the resolution. Examples of such
novel models are the Japanese male and female [191], the Virtual Family [192]
(Figure 7 (b)), consisting of a complete family of four members (a female and male
adult, and a female and male child), the Virtual Classroom [193], that includes 2
male and 2 female children, and the CST Voxel Family [171], with 7 members (a
8-week-old female baby, a female child, 3 female adults, 1 pregnant female and 1
male). Table 10 classifies various studies that use realistic human body models.

(a) (b)

Figure 7. Available voxel human models: (a) Hugo, from the Visible Human Project
[190] and (b) Duke, from the Virtual Family [192].

Table 10. Realistic human body models used in the literature.

Realistic model References that use the model
Visible Human Project [190] [55], [86], [121], [194]-[197]
Japanese male and female [191] [173],[194], [198]
Virtual Family [192] [14], [62], [76], [111], [199], [200]
CST Voxel Family [171] [48], [63], [64], [75], [81], [159], [173], [174]
SAM phantoms [194], [203], [204]

Realistic breast phantoms [205] [206]-[208]
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Modeling a specific part of the human body is a common practice, especially when
dealing with on-body devices, such as mobile phones, microwave hyperthermia
applicators or microwave imaging. For these purposes, phantoms that provide
tissue information concerning the targeted part are required. For instance, Specific
Anthropomorphic Mannequin (SAM) phantoms are widely utilized for SAR
assessment of mobile phones [194], [203], [204]. SAM phantoms are modeled by a
shell filled with a liquid mimicking the average of the dielectric properties of the
head tissues. For breast cancer treatment via microwave hyperthermia, realistic
voxel breast models developed by Zastrow et al. at the University of Wisconsin
have been tested [205] (Figure 8 (a)). These models represent different types of
breast classified by the American College of Radiology, from dense breasts
corresponding to younger women to the fatty breasts of elder women.

Current research in this field focuses on enhancing personalized medicine by
developing patient-specific body phantoms. Recent advances in commercial EM
solvers provide integrated modules that allow the reconstruction of 3D human
models from medical magnetic resonance imaging data (MRI) or computer
tomography scans. Two examples are the Medical Image Segmentation Tool Set
(iSEG) [209] available for integration with the in Sim4Life [170], and the ALBA
3DSeg module [210], developed together with CST [171]. Reconstruction of 3D
human models improves patient-specific simulations in a real WBAN scenario.

Another important development in realistic phantoms is the possibility of changing
their postures [171], [211], [212], as shown in Figure 8 (b). This feature permits
analysis of variations in antenna performance depending on the movement, as in
the work in [213], where the influence of the hand position on head SAR in mobile
phones is presented.

(a) (b)

Figure 8. Anatomical phantoms: (a) Voxel breast model used in microwave
hyperthermia [208] and (b) POSER module from ZMT Zurich MedTech AG [211].
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2.5.3. Experimental Phantoms (In-vitro, Ex-vivo and In-vivo
Testing)

Experimental phantoms present a higher level of complexity than simulated
phantoms due to the manufacturing or preparation process. They include both
physically manufactured models and animal tissue phantoms.

2.5.3.1. In-vitro Testing

For experimental validation, canonical shields filled with homogeneous lossy
medium are the most common phantoms in the literature, especially in
implantable applications (see Figure 9). Existing solutions of canonical liquid- or
gel-based phantoms are classified in Table 11.

Solid phantoms have also been proposed in several works for on-body antenna
testing, such as in [173]. The Posable Phantom for Electromagnetic Systems
Evaluations (POPEYE) developed by Schmid & Partner Engineering AG (SPEAG)
[214] is a whole body model that allows modification of the limb positions, and
covers a frequency range from 300 MHz to 6 GHz (Figure 10). These phantoms,
together with other models like SAM head phantoms [215], provide practical
solutions for RF dosimetry.

Figure 9. Liquid phantom mimicking muscle tissue.

Table 11. Typical experimental canonical phantoms found in literature.

Medium of the References
canonical shield
Liquid [53]-[55], [64], [96], [108], [113], [114], [179], [185],
[189], [216]
Gel [75], [128]
Multilayer [118], [217], [218]
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(a)

Figure 10. Human body models for experimental validation: (a) whole body phantom
POPEYE with movable limbs developed by SPEAG [214] and (b) SAM head phantom
also developed by SPEAG [215].

The major drawbacks of physically manufactured phantoms are the complexity of
developing a heterogeneous model, with complex structures inside (organs or
bones), and coverage of the dielectric properties of the biological tissues over a
wide frequency range. Low-cost manufactured canonical and homogeneous
phantoms developed in this thesis are detailed in Chapter 5. The characterization
of manufactured phantoms is also addressed.

2.5.3.2. Ex-vivo Testing

Ex-vivo tissues have been tested in various medical applications, such as
microwave hyperthermia [219] and microwave ablation [220], as well as in
implantable biotelemetry [73], [80], [84], [86], [94], [98], [113], [151], [164]. A
classification of animal tissues employed in the literature is presented in Table 12.
An example of pork meat used in thermal ablation is illustrated in Figure 11 [207].

Table 12. Ex-vivo testing found in the literature.

Animal tissue References
Minced meat [151]
Minced pork [73], [80]
Piece of pork [94], [220]
Porcine abdominal tissues [164]
Porcine eye [98]
Rat skin [84], [113]
Chicken breast [219]
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2.5.3.3. In-vivo Testing

Various studies have investigated the implantation of in-body antennas in living
animals to achieve more realistic scenarios in their validation tests. For instance, in
[221], a data telemetry biomedical experiment is reported in which temperature
monitoring of living pigs is performed. In the work presented in [125], porcine test
subjects are also evaluated when a cardiovascular stent with wireless biotelemetry
is implanted in the pulmonary artery. Another in-vivo study is carried outin [126],
where an intracranial pressure device is implanted in dogs. Rats are chosen in the
studies presented in [104], [112], [222].

According to [104], the objective of in-vivo testing is to assess the factors that
influence measurements in a surgical procedure: the appearance of air gaps
between the implanted prototype and the surrounding tissues; the multiple tissues
around the antenna and their frequency-dependent behavior; and the variability
between test subjects and among surgical procedures.

Figure 11. Implantable antenna tested for microwave ablation [220].

2.6. Conclusions

In this chapter, I have presented a detailed review of the theoretical aspects and
challenges involving interaction between antennas and the human body. Changes
in antenna performance in the presence of a human body have been discussed. An
analysis of the current state of the art for antennas working in biotelemetry has
been carried out, with special emphasis in the strategies reported in the literature
to overcome the main challenges in the design of such antennas:

* Miniaturization: Multilayer PIFA designs are good candidates in terms of
size and efficiency.
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* Biocompatibility: Ceramic biocompatible materials like LTCC substrates
show suitable dielectric properties, with high permittivity and low losses.

e Operating frequency: Depending on the application, different frequencies
have been selected in the literature. The frequency detuning caused by the
presence of biological tissues is one of the aims in the design of broadband
antennas.

e Antenna performance: Radiation pattern and efficiencies vary significantly
in proximity with biological tissues.

* Powering: Despite the internal power supply being the most commonly
used powering method, new trends in energy harvesting or passive
technologies (such as RFID) are gradually appearing.

e Packaging: The size of the whole device is normally increased when placing
circuits or batteries in the antenna. An efficient integration between the
antenna and the electronics is desirable.

* Antenna modeling: A tradeoff between the accuracy of results and resources
required has to be taken into account when modeling the antenna and its
surrounding medium. Using more than one EM software package can be
considered, depending on the design stage, to increase confidence in the
results.

e Antenna fabrication: The manufacturing process leads to inaccuracies that
can severely affect antenna performance. Integration technologies, such as
LTCC, allow multilayered structures in compact monoliths.

* Antenna characterization: Due to the presence of unwanted radiated and
dissipated fields when connecting a coaxial cable with implantable
antennas, some considerations have to be taken into account in the
measurement setup.

Apart from these issues, I have also presented the modeling of phantoms and
human bodies used in both computational tools and experimental validation. The
literature shows a huge variety of dimensions, shapes, materials and realism of
phantoms, which depend on several factors, like the placement of the antenna in
the body, accuracy requirements or the computational tools available.
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3. Analysis of In-body Antenna
Miniaturization

3.1. Introduction

As mentioned in Chapter 1, the next two chapters focus on the analysis of in-body
antennas for biotelemetry.

Although much work has already been done in the field of in-body antennas, there
are still many open questions and technological challenges that need to be
addressed (see Section 2.3). Antenna miniaturization is one of these, mainly
because of the reduced space available inside the body, and with the objective of
increasing patient comfort and also to facilitate the placement process. In this
chapter, new in-body antennas are developed with the aim of improving the ratio
between efficiency and antenna volume. Several features are analyzed to compare
different in-body antennas, such as 2D and 3D-square spirals, meander antennas
and fractal designs. The proposed prototypes are based on LTCC technology, which
allows the integration of 3D electronics and therefore the enhancement of the
miniaturization when designing an antenna.

As referred to in Subsection 2.3.1, patch designs have mainly been proposed for
implantable antennas and different miniaturization techniques can be applied to
them. From two reference works, [54], [64], to the present, many authors have
proposed specific designs from 2D geometries to vertically stacked radiators [60],
[68], [75], [78], [79], [108], [114], [223]. PIFAs and spiral-type radiators are
generally used to reduce the total antenna size.

We know that miniaturization degrades gain [224]: high-gain antennas are
relatively large. Moreover, these in-body antennas are designed to operate in lossy
media, so the communication link is one of the major challenges [152]. Implantable
antenna should provide a signal that is strong enough to be picked up by the
external device, regardless of power limitations.

Previous studies have mainly focused on designing and characterizing the features
of final miniaturized prototypes. In this chapter, my main goal is to compare
several miniaturization techniques in terms of efficiency and gain, by decreasing
the volume step by step. I analyze radiation efficiency degradation as a function of
size reduction. The objective is to quantify the effect of the miniaturization process
on the achievable efficiency and communication link capabilities.

To sum up, the main objectives of this chapter are:

e To present a preliminary study of in-body PIFAs based on LTCC technology.
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* To assess the miniaturization process of square spiral PIFA designs in terms
of efficiency.

* To propose a final suitable PIFA design in terms of size and efficiency.

* To compare the final design with other miniaturized methods and designs.

The experimental validation of the most relevant designs presented in this chapter
will be addressed in Chapter 5.

3.2. Methodology

For the analysis carried out in this chapter I used Sim4Life: a commercially
available EM simulator software package based on the FDTD method (see Section
2.4). The proposed antennas were embedded inside an LTCC dielectric substrate
(¢=6.6 and 0=0.0003 S/m).

3.2.1. Preliminary Parameterization Assessment

In this section, a first antenna design is proposed, based on the work of Kim et al.
presented in [64]. This initial 2D square spiral PIFA was chosen as the first step
due to its simplicity and its potential to be miniaturized. Firstly, geometric
parameters were retuned according to the different electrical parameters of the
LTCC substrate and the homogenous canonical cubic phantom selected (Table 13),
resulting in the design presented in Figure 12.

35 mm
* Feeding

“[*Shorting
Pin

-

Figure 12. Antenna presented in [64] retuned according to the LTCC substrate
parameters.

27 mm
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Table 13. Electrical parameters of the original work [64] and the design in Figure 12.

Antenna prototype Permittivity Conductivity
Kim et al. [64] Substrate 10.2 -
Phantom 49.6 0.51
Retuned design (Figure 12)  Substrate 6.6 0.0003
Phantom (skin) 46.71 0.689

In order to enhance the antenna features, a parametric study of the model was
carried out. Several elements of the model, such as the phantom and substrate
dielectric properties, the substrate dimensions and radiator features, were
modified to assess their incidence on antenna performance and eventually to
achieve a suitable and efficient miniaturized prototype. The reflection coefficient
(S11) and the radiation efficiency (in %) were identified as the main features to be
optimized. In certain cases, bandwidth was also assessed.

3.2.2. Miniaturization Process

Antenna efficiency degradation was analyzed as a function of design and size. The
antenna design from Figure 12 was taken as the starting point for the
miniaturization study. In order to take advantage of the technology used and also
to enhance the available space for other electronic components, the radiator width
was changed from 4 mm to 1 mm, resulting in the design presented in Figure 13
(a). This antenna was named the “Reference Antenna” (RA). The bottom layer is
the ground plane. The main radiator is located in the middle of the substrate. From
this RA design, 2D and 3D miniaturization techniques were applied to obtain more
compact antenna prototypes (Figure 13 (b) and (c)). At the same time, I evaluated
the degradation of antenna efficiency.

2D miniaturization 13 mm
—_—
14 mm
| — I 2 mm
27 mm
, (b)
"« Feeding point
|-+ Shorting pin
10 mm
29 mm 3D miniaturization
8 mm 10 mm
—{ - |2mm

(a)

(©

Figure 13. Top and side profile views of the PIFA prototypes: (a) reference antenna
(RA), (b) final shape of the 2D miniaturization (2D-square spiral) and (c) final shape

of the 3D miniaturization (3D-square spiral).
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The design constraints selected to define the size of the miniaturized final
prototypes were a tradeoff between the feasibility, reproducibility and
manufacturing capabilities of the available technology. The manufacturing
limitations led to a distance of 1 mm between metal lines in the same layer, and a
substrate thickness of 2 mm; whereas metal layers in 3D designs are separated by
atleast 0.2 mm.

The antenna prototypes were tested located in the middle of a cubic skin phantom
with edges of 100 mm. This phantom size was chosen for comparison purposes, in
accordance with previous studies [174]. The dielectric properties of the phantom
are provided by Sim4Life and are based on previous data reported in the literature
by Gabriel et al. [40]. In the next chapter, several considerations concerning the use
of different phantoms and implant depths will be treated in detail. The proposed
implantable antennas and an external half-wavelength dipole antenna at a distance
of 50 cm were used to build the communication link.

3.3. Results and Discussion

In this section, I present and discuss the results of the preliminary study and the
miniaturization processes. Then, I compare the 2D and 3D miniaturization
approaches in terms of efficiency and size, to eventually present the most suitable
prototype.

3.3.1. Preliminary Study

The reflection coefficient of the retuned antenna presented in Figure 12 is plotted
in Figure 14, showing an operating frequency in the MedRadio band (402 MHz)
and a bandwidth of 19.8 MHz. The width and height of the radiator from the
ground plane are both 4 mm, and this is also the distance between the radiator and
the edges of the substrate.
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Figure 14. Reflection coefficient of retuned antenna (Figure 12).
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3.3.1.1. Parameterization of the Dielectric Properties of the Phantom

To assess the radiation properties of the model in a realistic environment, a
mimicking phantom has to be selected according to the application. However, it
has to be taken into account that variations in the dielectric properties of the
phantom lead to variations in the antenna features. A 100 mm cubic and
homogeneous phantom was selected in this first approach. This is a usual first step
in the process of implantable antenna design, as can be observed in the literature
(see Subsection 2.4.1).

Figure 15 and Figure 16 show the modifications of the reflection coefficient and
the efficiency when the relative electrical permittivity is changed (from 30 to 70)
and so is the conductivity (from 0.1 to 2 S/m) of the phantom, respectively. As
expected, increasing the permittivity leads to a slight shift to lower frequencies (a
difference of up to 14 MHz between &=30 and &=70), while the efficiency
increases linearly with a slop of 0.0035. There are no significant changes in the
bandwidth. Incrementing the conductivity produces small variations to lower
frequencies, while the bandwidth is considerably expanded from 0 to 23 MHz
(Figure 17). As introduced in detail in [134], the enlargement of the bandwidth is
more closely related to the losses in the surrounding medium than to profitable
power radiated out of the cubic phantom. Thus, the efficiency decreases
exponentially with the rise of the conductivity (from 0.3% at 0=0.5 S/m to 0.05%
at 0=2 S/m), as shown in Figure 16 (b).
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Figure 15. Phantom permittivity parameterization: (a) S11 and (b) efficiency.

47



Chapter 3

(@ (b)
@ ]
(]
© |
(=]
_ g
o =
< I
] o
E =]
o | \
o o]
\o
T
T
o |
(]
T T T T
360 380 400 420 440 0.5 1.0 15 20
f (MHz) Phantom conductivity

Figure 16. Phantom conductivity parameterization: (a) S11 and (b) efficiency.
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Figure 17. Bandwidth enhancement due to the increase in phantom losses.

3.3.1.2. Substrate Parameterization
The influence of the electrical properties and the substrate dimensions on the
antenna features is presented here.

Substrate Dimensions

[ analyzed the efficiency enhancement as a function of the substrate dimensions.
First, the substrate size was augmented in all directions. Taking the initial values
for the parameters defined in Figure 18 (x=35 mm, y=8 mm, yI1=y2=4 mm, z=27
mm), a gradual increment of d=2 mm (from 0 to 6 mm) for x, y and z was applied.
As expected, the results shown in Figure 19 indicate a rise in efficiency (up to an
increment of 0.2%). The main reason for this behavior is the substitution of a
certain volume of lossy phantom medium with substrate material, with lower
permittivity and conductivity.

48



Chapter 3

The influence of the relative position of the radiator with regard to the ground
plane was also evaluated by changing yI and yZ2 separately (dyl and dyZ2
respectively) (Figure 18 (b)). The results shown in Figure 20 indicate that
increasing only y2 tends to increase the efficiency (up to an increment of 0.4%).

(a) (b)

i
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Figure 18. Substrate parameterization: (a) 3D dimensions and (b) substrate height.
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Figure 19. Efficiency as a function of the substrate size increment.
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Figure 20. Efficiency as a function of the substrate height increment.
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In Subsection 3.3.3, the idea of increasing the efficiency by separating the radiator
from the ground plane is treated in more detail, to achieve suitable 3D
miniaturization techniques.

Substrate Dielectric Properties

Figure 21 shows the variation in the reflection coefficient when the electrical
properties of the substrate are changed in a range close to the nominal values. The
working frequency shifted to higher values with lower substrate permittivities (a
variation of 33 MHz, as seen in Figure 21 (a)), while the efficiency variations were
not significant. In contrast, increments in substrate losses led to slightly wider
bandwidths (Figure 21 (b)) but lower efficiencies.
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Figure 21. Parameterization of (a) substrate permittivity and (b) substrate
conductivity.

3.3.1.3. Radiator Parameterization

Several radiator parameters were modified to obtain in-depth understanding of
the EM behavior of the antenna. The main objective here was to take advantage of
the possibilities offered by the multilayer LTCC technology and find the most
efficient profile. In this subsection, only the most effective parameterizations
performed are discussed
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Radiator Width

The initial prototype had a radiator width of 4 mm, as noted in Figure 22 (a).
Reducing the total radiator surface provides more space in the substrate to
integrate additional components, as illustrated in Figure 22 (d). However, a
thinner radiator produces greater current concentrations in the antenna, which
leads to a bandwidth reduction, as described in [49]. So, in the model with the
thinner radiator, the bandwidth was reduced from 19.8 to 12.1 MHz. Moreover, in
order to match the operating frequency in the MedRadio band, the radiator length
was shorter, keeping the efficiency at 0.45 (with the antenna implanted in the
middle of a 100 mm cubic phantom) (Table 14).

[ C1 O

(a) {c) (d)

Figure 22. Radiator width W parameterization: (a) 4mm, (b) 3mm, (c) 2mm and (d)
Imm.

Table 14. Antenna characteristics of prototypes with different radiator width W.

Rad. width W Rad. surface (mm?2) BW (MHz) Efficiency (%)

4 mm
344 19.8 0.45
(Figure 22 (a))
1
mm 77 (-77.6%) 12.1(-389%)  0.45

(Figure 22 (d))

3D Spiral

Another way to take advantage of the LTCC properties is to convert the surface
radiator into a 3D spiral radiator, thus reducing the antenna volume while
maintaining the operating frequency at the MedRadio band. Nevertheless, the
efficiency will inevitably worsen due to the reduction of the total effective volume
of the antenna, from 7650 to 2584 mm3. Figure 23 illustrates the profile of this
new shape, showing three radiator layers from the top of the antenna to the
ground plane. In Table 15, the distance between these layers is analyzed, and it
presents similar efficiencies in all cases. Compared to the original prototype, this
configuration has approximately half of the initial efficiency because of the size
reduction.
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Figure 23. Parameterization of the distance between metallic layers.

Table 15. Efficiency of the variations in distance D between layers.

dl (mm) d2(mm) d3(mm) Efficiency

(%)
1 1 2 0.21
13 13 13 0.2
2 1 1 0.22

Radiator Ending

As the last strip of the radiator stores a great amount of electric charge (Figure 24),
its relative position could have an impact in the EM behavior of the model. Figure
26 shows the efficiency as a function of the distance between the last strip and the
feed, as depicted in Figure 25. Despite lower variations being obtained, the most
efficient model was that illustrated in Figure 26 (b), where the last strip is located
inside the spiral at a distance of 1 mm from the feed strip.

According to the idea that the position of the last strip of the radiator influences
the radiation features, four different endings were proposed, as shown in Figure
27, to establish the best location for the last strip. Although there were no
significant differences, the results shown in Figure 28 indicate that the 3D square
spiral has the best efficiency when the radiator finishes at the top-left corner of the
substrate (Figure 27 (d)).

dB
0

l -50

Figure 24. Electric charge distribution in the radiator of the RA prototype. Electric
charge is concentrated at the end of the radiator.
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. .
(a) (b) (c)

Figure 25. Parameterization of the distance D between the feed strip and the last
radiator strip: (a) -4mm, (b) 1mm and (c) 4mm.

Efficiency (%)
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Distance D (mm)

Figure 26. Efficiency as a function of the distance D between the feed and the last strip.
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Figure 27. Parameterization of the location and the length of the last strip.
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Figure 28. Efficiency as a function of the last strip length and location.
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3.3.2. Analysis of the Miniaturization Process

3.3.2.1. The 2D Miniaturization

In the 2D miniaturization case, the RA was miniaturized by folding the radiator
into a square spiral, a square meander and a fractal structure. In order to illustrate
the steps in the 2D square spiral miniaturization process, 8 antenna designs were
selected. Their planar geometries and cross-sections are shown in Figure 29. The
first antenna (a) was the RA. The length, width and thickness were then gradually
decreased. The nomenclature used is “2D_thickness_case”, so 2D8a stands for a 2D
miniaturized antenna that is 8 mm thick, with a specific length and width.

Table 16 details the dimensions and the efficiency results for each step in the
antenna design. In this case, the implants were placed in the middle of a cubic
phantom with edges of 100 m. There was a nearly linear relation between volume
and efficiency, regardless of which geometrical dimension (L, W or H) was varied.
The smallest prototype using this 2D miniaturization has a volume of 364 mmb3,
achieving a size reduction of 94.2% with respect to the reference antenna.

To corroborate this nearly linear relationship between antenna efficiency and
antenna volume, the relative efficiency of the antennas (in % of RA efficiency) are
plotted in Figure 30. It can be observed that the efficiency decreases by a factor of
about 10 when the volume decreases by a factor of about 20.

1 S 1- 1-
(a) 2D8a (b) 2D8b (c) 2D8c (d) 2Db8d
W
= &l
gl B [ —
(e) 2D8e (f) 2D4f (g) 2D2g (h) 2D2h

Figure 29. 2D miniaturizing process for the square spiral prototype.
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Table 16. Dimensions and efficiency of the antenna prototypes shown in Figure 29.

Length Width Height Volume Efficiency

Antenna prototype (mm) (mm) (mm) (mmd) (%)
2D8a (RA) 27 29 8 6264 0.39
2D8b 27 25 8 5400 0.36
2D8c 27 21 8 4536 0.31
2D8d 23 21 8 3864 0.27
2D8e 19 21 8 3192 0.21
2D4f 19 21 4 1596 0.10
2D2g 19 21 2 798 0.059
2D2h (2D-square spiral) 13 14 2 364 0.045
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Figure 30. Relative efficiency of 2D miniaturized prototypes from Figure 29 as a
function of volume.

The behavior of meander PIFAs was studied in [53], [57]. The main conclusion of
those studies were that nearby conductors with currents flowing in the opposite
direction lead to an increase in the resonant frequency, requiring an increment in
antenna size to retune it to the desired frequency band. Consequently, the
efficiency of the antenna also drops, due to the need for additional miniaturization.
Figure 31 shows the vector direction of the electric current density in the meander
and 2D2h prototypes. While in the 2D-square spiral antenna (2D2h) the parallel
and nearby conductors have the same vector direction, in the meander antenna the
vectors are sometimes in opposing directions. Moreover, although the resonant
frequency is the same, the radiator lengths vary from 73 mm for the 2D-square
spiral to 82 mm for the meander antenna.
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Table 17 summarizes the variation of volume and efficiency for the meander and
2D2h designs, with respect to the reference antenna (RA).

Fractal geometries have also been proposed in the literature for miniaturization
purposes [225] and for IMD [226]. Studies indicate that fractals present lower
efficiencies due to the antiparallel vector currents of some of their sections. In my
study, several fractal-based PIFAs were developed in LTCC technology for
comparison purposes (Figure 32). The dimensions are given in Table 18.

A
;
¥
\
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!
\

(a) (b)

Figure 31. Vector direction of the electric current density of 2D miniaturized
prototypes: (a) spiral (2D2h antenna) and (b) meander or serpentine antenna. Circled
in green, parallel currents; circled in red, anti-parallel currents.

Table 17. Far-field features of the 2D miniaturized designs compared with RA.

Antenna prototype Volume Efficiency
(mm3) (%)
2D8a (RA) 6264 0.39
Meander 390 0.043
Variation -93.8% -89%
2D2h (square spiral) 364 0.045
Variation -94.2% -88.5%

(a) (b) ()

Figure 32. 2D miniaturized designs: (a) meander, (b) Hilbert fractal and (c) Peano
fractal.
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Table 18. Dimensions of the proposed 2D miniaturized prototypes.

RA 2D- 2D- 2D-Peano 2D-square
meander Hilbert spiral
Vol
omme 264 390 578 455 364
(mm?3)
LxWxH . 20x8  13x15x2  17x17x2  17.5x13x2  13x14x2
(mm)

3.3.2.2. 3D Miniaturization

Many similar antennas with small variations were designed in this study to analyze
and quantify the 3D miniaturization process. The starting point was the 2D PIFA
called RA. The length, width and thickness were gradually decreased, and the
radiator was folded into a 3D spiral. Two main 3D spiral miniaturization
approaches were studied, as shown in Figure 33. In the first, the radiator was
folded towards the ground plane (3D-down). In the second, the radiator was folded
in the opposite direction (3D-up). The main goal of folding the radiator in a 3D
structure was to further increase the degree of miniaturization given by the 2D
procedure, while maintaining good far-field features.

In the 3D-down approach, the radiator is further away from the lossy medium.
Accordingly, most of the near field is located in the almost lossless substrate,
instead of the lossy medium. This procedure leads to an increase in the radiation
power [134]. In turn, the 3D-up approach provides more internal space for future
embedding of integrated electronic circuits, which opens up the opportunity of
more compact modules. The selection of one or other approach depends on the
application.

E—
P r 4 o >
" _fj [
- 4 - 4
(a) 3D down {b) 3D up

Figure 33. Two 3D miniaturization methods: towards the ground plane ((a) 3D-down)
and in the opposite direction ((b) 3D-up).
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In accordance with the previous discussion, 4 different 3D cases were considered
(down1, down2, upl and up2) as shown in Figure 34. In 3D-down1 and 3D-up2,
the end of the radiator is located in the middle of the substrate. Consequently, the
gap between the radiator and the phantom is always constant. In contrast, in 3D-
down2 and 3D-up1, the gap between the radiator end and the ground plane is kept
constant. The position of the gap could be relevant in terms of efficiency and when
inserting electronic components.

Following the method used for the 2D miniaturization, different designs for each
case were selected to illustrate the 3D miniaturization process. As an example,
designs of the 3D-down1 case are depicted in Figure 35. Table 19 shows the
corresponding efficiency results for these cases together with the dimensions.

— 1 4f| I | —

(a) downl (b) down2 (c) upl (d) up2

Figure 34. Two spiral miniaturization methods: towards the ground plane ((a) 3D-
down1 and (b) 3D-down2), and in the opposite direction ((c) 3D-up1 and (d) 3D-up2).

(a) 2D8a (b) 308b (c) 3D8¢ (d) 3D8d
W
L . i
== — | N —
(e) 3D8e (F) 3D4f (g)3D2g  (h)3D2h

Figure 35. Example of the planar geometry and cross section of the selected antennas
for the 3D-down1 configuration.
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Table 19. Dimensions of the antenna prototypes shown in Figure 35.

Antenna Length Width Height Volume Efficiency
prototype (mm) (mm) (mm) (mm3) downl (%)

2D8a (RA) 27 29 8 6264 0.39
3D8b 27 25 8 5400 0.37
3D8c 27 21 8 4536 0.33
3D8d 23 21 8 3864 0.3

3D8e 19 21 8 3192 0.26
3D4f 19 21 4 1596 0.12
3D2g 19 21 2 798 0.07
3D2h 10 10 2 200 0.05

A detailed view of the layer-by-layer configuration of the smallest prototype
(3D2h) is displayed in Figure 36. Since it is a PIFA, a shorting pin can be observed
between the ground plane and the top layer. The radiator starts from the middle of
the substrate, in the top layer, and is folded towards the ground plane using 4
layers connected by vias.

The efficiency results for the 4 configurations (down1, down2, up1 and up2) with 4
different antenna prototypes per configuration are shown in Figure 37. For
comparison purposes, the results of the 2D miniaturization are also plotted in the
same figure. As expected, in all cases, the efficiency monotonically decreased as the
volume was reduced. However, one configuration outperformed all the others. By
comparing the results, I can conclude that 3D-downl is the most suitable
configuration in terms of efficiency. As previously mentioned, in this configuration
the near field is concentrated inside the lossless substrate, which minimizes energy
dissipation in the surrounding lossy medium. This results in the better efficiency of
this configuration. The same behavior can be seen in the 3D-up miniaturization,
where the prototype with the gap above was slightly better than the one with the
gap between the radiator and the ground plane. In the following sections, when I
talk about 3D antennas, I refer to the 3D-down1 antenna configuration.

Finally, when I compare the relative efficiency of the 2D and 3D designs, I find that
the 3D antennas provide better efficiency (about a 5%-15% improvement) for the
same antenna volume. Consequently, I can conclude that the 3D miniaturization
process leads to greater efficiency for smaller volumes, provided the proper
configuration is used (i.e., 3D-down1).
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Figure 36. Geometry of the proposed 3D-square spiral antenna (case 3D2h): top view,
side view and 3D view of metal and substrate. The layers are separated by 0.2 mm.
The bottom layer corresponds to the ground plane.
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Figure 37. Relative efficiency of 3D miniaturized prototypes as a function of volume.

3.3.3. Global Discussion

Here 1 offer a general analysis of the antennas presented above. Table 20
summarizes the main characteristics and performance of a subset of
representative antennas. Concerning directivity, it should be noted that the smaller
the antenna, the more omnidirectional; as expected. A comparison of the gain for
the 2D and 3D prototypes shows that the 3D antennas have higher gains than the
2D antennas for the same volume. A difference of up to 3 dB can be observed in
some cases. In addition, when comparing the ratio between efficiency and volume
as a merit figure, 3D antennas show better performance, especially for the smallest
antenna.

The same behavior was found when I analyzed the communication link through
the transmission coefficient. A 403 MHz half-wavelength dipole was placed at a
distance of 50 cm from the face of the cubic phantom, close to the antenna. The
transmission scattering parameter, S12, was then calculated. The results for the 2D
and 3D prototypes of the selected subset of antennas are shown in Figure 38. For
the same volume, 3D prototypes showed approximately 6 dB better
communication link performance than 2D prototypes. The greatest differences
between 2D and 3D prototypes in terms of the S12 parameter are mainly related to
near-field and polarization effects, which are not taken into account in
comparisons of the gain.
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Table 20. Results for the selected antennas implanted at the middle of a 100 mm cubic

phantom.
Antenna Volume Efficiency Merit Figure Relative Gain Direct.
prototype (mm3) (%) (Effi./Volume) Efficiency (dBi) (dBi)
(x10) (%)
RA 6264 0.39 6.23 100 -21.1 3
2D8e 3192 0.21 6.58 53.9 -23.7 31
2D4f 1596 0.1 6.27 25.6 -27 2.9
2D2g 798 0.059 7.39 15.1 -29.7 2.6
2D2h (2D) 364 0.045 12.6 11.5 -31.3 2.2
3D8e 3192 0.26 8.15 66.6 -219 338
3D4f 1596 0.12 7.52 30.8 -254 3.7
3D2g 798 0.07 8.77 17.9 -283 33
3D2h (3D) 200 0.05 25 12.8 -30.8 2.5
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Figure 38. Transmission coefficient (S12) of 2D-square and 3D-square antennas as a

function of volume.

Figure 39 illustrates a comparison of all the prototypes studied in the
miniaturization process. The plotted lines represent the three miniaturization
methods, while the symbols represent the final prototypes. It can be seen that
fractals and meander antennas are less efficient than square spirals, and that the
3D-square spiral is both the most efficient and the smallest antenna.

In Chapter 5, some of the most representatives 2D and 3D prototypes discussed in
this chapter are fabricated and experimentally characterized, showing good

agreement between simulations and measurements.
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Figure 39. Efficiency (relative to RA) as a function of the volume of the antennas
studied during the miniaturization process (lines) and the final prototypes (symbols).

3.4. Conclusions

In this study, 2D and 3D techniques for the miniaturization of LTCC antennas
intended to work in the MedRadio frequency band were considered in detail. From
my analysis, [ concluded that generally speaking, 3D miniaturization techniques
achieve better results than 2D miniaturization. The 3D antenna prototypes showed
higher gain and efficiency than their 2D counterparts with the same volume.

Folding down the main radiator of the antenna, and separating the radiator end as
much as possible from the tissue, is the best procedure to optimize gain for a given
antenna volume. For the 2D prototypes, I also conclude that the square spiral PIFA
is the most efficient structure, as expected; it is more efficient than the meander
and fractal antennas, mainly due to the parallel currents that appear in close
proximity in the radiator.

The influence of the surrounding environment on antenna performance will be
studied and analyzed in the following chapter.
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4. Influence of Phantoms on In-
body Antenna Performance

4.1. Introduction

As previously mentioned in Section 2.4, an important aspect to take into account
when designing in-body antennas is the modeling of the antenna environment.
From cubic phantoms of different sizes, to highly detailed anatomical phantoms, a
large number of phantoms are used in the literature to test antenna performance
inside the human body. Canonical homogeneous phantoms are used instead of
anatomical models to decrease the simulation time, to lighten the computational
load and to allow further experimental validation in the laboratory. Moreover, the
smaller the phantom is, the faster the results are obtained. Nevertheless, important
differences may be observed depending on the patient’s anatomy, the antenna
location and the application requirements. The objective of this chapter is to go
into greater depth in the effect of phantoms on the antenna’s far-field
characteristics and to assess their influence on the performance of various square
spiral PIFA prototypes presented in the previous chapter.

The current literature demonstrates that changing the phantom size does not lead
to substantial modifications in the reflection coefficient, provided that the depth of
the implant is the same and the phantom is homogeneous [174]. However,
phantom dimensions have a considerable influence on other parameters, such as
efficiency or the radiation pattern. In this chapter, this influence is quantified and
analyzed.

Meanwhile, depending on the implant location and the application requirements
(such as the bit rate), frequency bands other than MedRadio could be a better
choice. Thus, apart from antennas operating at a frequency of 403 MHz, I analyze
antennas working at 866 MHz and 2.45 GHz. The use of these higher frequencies
will allow further miniaturization of the implanted devices. However, this may
produce additional degradation of efficiency. The quantification of these changes in
radiation efficiency is another of the goals of this study. It would be of great
interest to know, for a specific application and location, what the best choice would
be in terms of body phantom, antenna design, frequency band and communication
performance.

The main goals of this chapter can be summarized as follows:

* To provide a better understanding of how the surrounding lossy medium
affects antenna performance.
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* To evaluate the features of certain PIFAs presented in the previous chapter,
such as the RA, the 2D and 3D square spirals.

* To retune the previous designs to operate at higher frequencies and assess
them in various scenarios.

* To analyze the communication link, depending on the phantom and the
operating frequency of the antenna.

e To provide initial insight into a characterization protocol in order to
compare antennas from different research groups.

Some of the antennas presented in this chapter will be manufactured and
experimentally characterized in Chapter 5.

4.2. Methodology

EM simulations were performed by using the FDTD method in the commercially
available electromagnetic software SEMCAD. The antenna radiators were
embedded inside an LTCC dielectric substrate (&=6.6 and 0=0.0003 S/m).

The square spiral PIFA prototypes presented in the previous chapter and working
in the MedRadio frequency band of 403 MHz were first tested when located in the
middle of a cubic phantom with 100 mm edges. This phantom size was chosen for
comparison purposes, in accordance with previous studies [174]. The antennas
were also tested when placed inside the tissue at 10 mm from the tissue-air
interface (Figure 40 (a)). A similar test of the antenna prototypes was carried out
using a cubic phantom with 300 mm edges.

Apart from the implant depth and the phantom size, the phantom geometry is also
analyzed to establish its role in the far-field features. The selected geometries are
among the most commonly used by in-body antenna designers (see Subsection
2.4.1.1), such as cylinders, spheres and cubes (Figure 41).

L = 100 mm
Square spiral anteﬁna
(a) VL
X
L =300 mm

(b)

Figure 40. View of the (a) square spiral PIFA at 403 MHz implanted in (b) two cubic
phantoms (100 and 300 mm)at a depth of 10 mm.
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C)] (b) (c)

Figure 41. Phantom geometries used in simulations: (a) cylinder, (b) sphere and (c)
cube. Two phantom sizes are represented for each case.

To optimize the gain and obtain the best transmission level in the desired direction
of propagation (positive y-axis), the antenna should be oriented with the maximum
of radiation in the same direction as the implant depth. Thus, vertical orientation is
also analyzed in this study, as presented in Figure 42.

To compare the results in other typical frequency bands used in biotelemetry, two
more square spiral prototypes were set up to operate at 866 and 2450 MHz when
located inside the cubic phantom (Figure 43). The 2D and 3D miniaturization
processes presented in the last chapter were applied in those prototypes. The skin
frequency-dependent dielectric parameters of the cubic phantoms were provided
by SEMCAD, and extracted from [40], as shown in Table 21.

Finally, the antennas were also tested in a highly detailed male anatomical model
extracted from the Virtual Family dataset [192], to confirm the results in a more
realistic environment. In this case, the antennas were implanted in the abdomen
area (Figure 44 (b)) to simulate one of the worst cases in terms of the amount of
surrounding lossy tissue. The performance and communication capabilities of the
antennas were analyzed in all the cases. The latter is characterized by placing a
receiver half-wave dipole at a distance of 50 cm from the edge of the phantom
closest to the antenna.

Table 21. Skin dielectric parameters at different frequencies.

Frequency Permittivity Conductivity(S/m)
403 MHz 46.7 0.69
866 MHz 41.6 0.86
2.45 GHz 38 1.47
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Figure 42. Modelling of the (a) horizontal or parallel and (b) vertical or perpendicular
antenna orientation at an implant depth of 10 mm for a 100 mm cubic phantom.
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Figure 43. 2D-square spiral PIFA prototypes at different frequencies: (a) 403 MHz, (b)
866 MHz and (c) 2.45 GHz.
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Figure 44. 3D-perspective of the setups to assess the communication link between the
implantable antenna and an external dipole at 50 cm: (a) 100 mm and 300 mm cubic
phantoms and (b) anatomical model.
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Table 22. Outline of the overall analysis

Frequency Miniaturization Phantoms Location
403 MHz 2D and 100 mm edge  Centered
3D 10 mm deep
300 mm edge Centered
10 mm deep
Anatomical Abdomen, 10 mm deep
866 MHz 2D and 100 mm edge  Centered
3D 10 mm deep
300 mmedge 10 mm deep
2.45 GHz 2D and 100 mm edge  Centered
3D 10 mm deep

300 mm edge 10 mm deep

Table 22 summarizes the test conditions for the different frequencies of interest,
including the miniaturization process used, the phantom dimensions and type, and
the antenna location. These antenna prototypes have been manufactured and
characterized, and I give the most significant results in Chapter 5.

4.3. Results and Discussion

Table 23 shows the gain of the initial antenna and final 2D and 3D square spiral
PIFAs presented in the previous chapter (RA, 2D2h and 3D2h, respectively, and
highlighted in the table) as well as other antenna designs reported in the literature
[14], [53]-[55], [64], [68], [79], [108], [157], [180] for comparison purposes. All of
them operate in the MedRadio band, and were designed following a PIFA structure.
[t can be seen that the gain values are usually in the range of -40 dBi to -24 dBi.
However, the results reveal a high level of diversity, which depends on several
factors:

e  Antenna volume

. Miniaturization method, how the effective current flow path has been
increased (stacking multiple radiating patches, meandering or spiraling the
radiator, among others)

e  Technology used to manufacture the prototype (electrical properties of the
substrate and design constraints)

e  Electrical properties of the selected phantom and its homogeneity

e Phantom shape and dimensions, which determine the amount of lossy
medium surrounding the antenna

e Implant depth, which indicates whether the air-tissue interface is in the
near-field or the far-field region
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Table 23. Comparison of the gain of implantable PIFA prototypes reported in the

literature.
Ref. Volume Phantom size Implant Depth Gain (dBi) Efficiency
(mm3) (mm) (mm) (%)
[54] 6480 60x50%20 7 N/A N/A
[53] 6384 50x40x20 5 -30.6 N/A
RA 6264 100x100x100 10 -25.1 0.18
[64] 6144 N/A 4 N/A 0.25
[14] 5202 80x100* 20 -28.5 0.068
2D2h 364 100x100x100 10 -37 0.013
[68] 335.8 50x49.9 4 -26 0.31
[180] 273.6 25%* 5 -24.31 8.72
[157] 254 25%* N/A -40.35 0.38
[55] 203.6 100x100x100 48.2 -33 N/A
3D2h 200 100x100x100 10 -34.6 0.018
[108] 190 100x100x50 38.1 -26 1.3
[79] 121.6 N/A N/A -38 0.55

*Cylindrical phantom (diameter x height) **Spherical phantom (diameter)

For similar antenna sizes, miniaturization methods and electrical properties, the
discrepancies between results are significant. They are due, to a great extent, to the
different phantom dimensions and the implant depth used in the simulations. The
results in this section provide a better understanding of such discrepancies
between prototypes.

4.3.1. Cubic Phantom Dimensions

In this subsection the influence on antenna performance of the size of
homogeneous cubic phantoms is assessed. The reflection coefficient of the 2D
spiral square PIFA is obtained in cubic phantoms of different edge lengths L (see
Figure 41 (c)), ranging from 25 to 300 mm. According to [174] , variations in the
cubic phantom size do not lead to significant reflection coefficient detuning.

However, as the surrounding lossy tissue directly affects the propagation features
of the antenna, the total radiated efficiency and the maximum gain are not
constant. In Figure 45, it is possible to appreciate the efficiency variations
depending on the size of the cubic phantom. The interest here is that the efficiency
reaches its maximum at a cubic phantom close to 80 mm instead of the smallest
one. The interaction of the near-field radiated by the antenna with the air-
phantom boundary substantially modifies the EM propagation. Efficiency reaches
its maximum when the antenna is placed in a phantom of dimensions comparable
to the wavelength (108.9 mm in the 403 MHz prototype implanted into the skin
phantom).
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Figure 45. Maximum gain (dBi) of the 2D square spiral PIFA at an implant depth of 10
mm as a function of the edge length of the cubic phantom (L in Figure 41 (c)).

Figure 46 shows the radiation pattern of the 2D square spiral in the XY plane for
three different cubic phantom sizes. The local gain along the positive y-axis is
similar for all the cubic phantoms because the implant depth is the same in all the
cases (black dot in Figure 46). Thus, if we place a dipole 50 cm from the air-
phantom boundary in the positive y-direction, the values of the transmission level
are also comparable, with a maximum difference of 3.4 dB, as seen in Table 24.
However, the maximum gain and the radiation efficiency of the antenna depend on
the whole environment; propagation in the other directions is also important.
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Figure 46. XY gain (dBi) radiation pattern of the 2D square spiral at an implant depth
of 10 mm as a function of cubic phantom size (L).
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Table 24. Transmission level at 50 cm from the air-phantom boundary for the 2D
square spiral PIFA at an implant depth of 10 mm as a function of cubic phantom size

(L)

Cubic phantom size
L (mm)
S12 (dB) -69.2 -67.6 -65.8 -66.6 -683 -682 -659

40 50 70 80 90 100 300

Table 25. Far-field results as a function of phantom type at an implant depth of 10 mm.

Antenna Effi. (%) Gain Dir. Effi. (%) Gain Dir.

prototype (dBi) (dBi) (dBi) (dBi)
100 mm Phantom 300 mm Phantom

RA 0.18 -25.1 2.3 0.034 -30.8 3.9

2D2h (2D) 0.013 -37.0 2 0.0015 -47.3 2.7

3D2h (3D) 0.018 -34.6 2.8 0.0025 -44.7 1.3

Results of far-field features of three representative antennas presented in the
previous chapter (RA, and 2D and 3D square spiral PIFAs) are shown in Table 25
for two different cubic phantom sizes: L=100 mm and L=300 mm. In order to make
comparisons with most of the designs presented in the literature, here the
antennas were placed at an implant depth of 10 mm. Depending on the phantom
dimensions, a significant discrepancy in efficiency and gain is observed. In the case
of the RA, using the 300 mm cubic phantom instead of the 100 mm cubic phantom
led to a reduction in gain of 5.7 dB. The reduction for 2D and 3D miniaturized
antennas is even greater: 10.3 dB and 10.1 dB respectively. Considering that the
distance between the antenna and the air-tissue interface is always the same, the
observed results can only be explained by taking into account reflections at the
side and rear faces of the phantom, and interference phenomena. Consequently,
the phantom dimensions strongly affect the antenna parameters obtained.
Phantom standardization is needed to compare results of antennas manufactured
with different technologies and miniaturization procedures satisfactorily.

4.3.2. Implant Depth

[ varied the implant depth from 0 to 10 mm to assess its influence on antenna
performance. In Figure 47 (a), the reflection coefficient of the 2D squire spiral
presents a detuning of 11.7 MHz between 2 mm and 10 mm depth. The red line
corresponds to an implant depth of 0 mm (i.e., an on-body scenario) and shows the
return loss of the square spiral antenna inside the phantom but directly in contact
with the air. The operating frequency in this case is different from in the others,
due to the lack of biologic tissue on one side of the prototype, which greatly
modifies its radiation features. The results are consistent with the literature. As
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described in [111], increments in the implant depth of an antenna produce slight

detuning at operating frequencies.

In Figure 47 (b), it is appreciable that the efficiency of the 2D square spiral antenna
increases with the implant depth for a 100 mm cubic phantom. However, for a
larger phantom such as a 300 mm cube, the behavior is the opposite (Figure 48).
Again, the interaction between the near-field region (determined by the
wavelength) and the air-phantom boundary has a crucial impact on far-field
features. As shown in Figure 49, the radiation patterns of the two cubic phantoms
evolve in the opposite way as a function of the implant depth.
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Figure 47. (a) Reflection coefficient and (b) maximum gain of the 2D square spiral in a
100 mm cubic phantom as a function of the implant depth
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Figure 48. Maximum gain of the 2D square spiral in a 300 mm cubic phantom as a
function of the implant depth.
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Figure 49. XY gain radiation pattern of the 2D square spiral as a function of the
implant depth in a (a) 100 mm and (b) 300 mm cubic phantom.

In order to appreciate better the influence of both parameters together, Figure 50
illustrates the maximum gain of the 2D square spiral prototype as a function of
cubic phantom size for different implant depths. The maximum gain in each case is
depicted by a vertical dashed line. It can be observed that, the deeper the implant
is, the greater the maximum gain, in the appropriate phantom. While for an
implant depth of 4 mm the maximum gain corresponds to a cubic phantom with an
edge length of 80 mm, for an implant depth of 24 mm the maximum gain
corresponds to a cubic phantom with an edge length of 110 mm. The difference
between the maximum gain in the two cases is about 7.5 dB. It is worth noting that
from a phantom size of 200 mm the maximum gain stabilizes significantly for the
three cases.
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Figure 50. Maximum gain as a function of implant depth and cubic phantom size for
the 2D square spiral. Vertical dashed lines show the cubic phantom size that gives the
greatest maximum gain for a certain implant depth.

4.3.3. Phantom Shape

The square spiral antenna was also characterized using other phantom shapes,
such as cylinder or sphere (see Figure 41 in the previous section). Far-field
features of the 2D squire spiral PIFA implanted at a depth of 10 mm are presented
in Table 26 (L=length and R=radius).

Based on the results in Table 26, we can see that the shape and the dimensions of
the selected phantom significantly influence the radiation efficiency and the
maximum gain, even despite the homogeneity and implant depth being the same.
There is certainly a relationship between phantom volume and efficiency, as
expected. Smaller phantoms present similar values for efficiency and gain, and the
same occurred for larger ones. However, variations are greater in the large
phantoms.

Table 26. Far-field features of the 2D square spiral antenna at an implant depth of 10
mm for different phantom shapes.

Cyl1 Sph1 Cubel Cyl2 Sph 2 Cube 2

Dimensions R=5 R=15
R=5 L=10 R=15 L=30

(cm) L=10 L=30
Phantom

785 524 1000 21206 14137 27000
volume (cm3)
Effici
- /')C'ency 0011 0011 0013 00021 00025 0.0015

0

Maximum

-37.4 -37.3 -37 -45 -44 -47.3
Gain (dBi)
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Figure 51. XY gain radiation pattern (in dBi) of the square spiral prototype in different
phantoms: (a) small (R=5cm, L=10cm) and (b) big (R=15cm, L=30cm).

Figure 51 shows differences in the XY gain radiation patterns for each phantom
shape. Whereas the radiation pattern varies with the phantom size, the gain in the
main direction of propagation (positive y-axis, indicated by the black dot in the
plot) is similar for all the phantoms (around -47 dB) because the implant depth is
always 10 mm in that direction. The gain in the other directions are more varied
due to differences between the amounts of tissue the radiated power has to cross
depending on the phantom size, especially in the large phantoms (Figure 51 (b)).

Therefore, as has been reported, obtaining the maximum gain can lead to different
results depending on the phantom used. In addition, the maximum gain is not
necessarily in the desired direction of propagation (in this case, the positive y-
axis). In fact, as can be observed in Figure 51, the maximum gain is close to the
positive x-axis. Thus, when comparing in-body antennas or when trying to
optimize the effective radiated power of an in-body antenna, the gain radiation
pattern has to be taken into account. Sometimes, only by changing the orientation
of the antenna, better results could be achieved.

4.3.4. Antenna Orientation

In order to optimize the far-field features of the 2D square spiral, the antenna was
oriented perpendicular to the air-phantom boundary, as can be seen in Figure 42
(b) of the previous section. In that perpendicular orientation, the maximum
radiation was in the same direction as the implant depth (positive y-axis), where
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the transmission should be carried out. Thus, an increment of the maximum gain is
expected.

In Figure 52, important differences can be observed in the maximum gain as a
function of the implant depth, the phantom shape and the phantom size, between
both parallel and perpendicular orientations. The perpendicular orientation shows
greater values of gain in practically all the cases, especially for small implant
depths, where differences from 5 to more than 10 dB are achieved. It is also
appreciable that when the antennas were located close to the center of the
phantoms, the results were more similar between orientations. Thus, as seen in
previous subsections, the effect of the interaction between air-phantom
boundaries and the near-field is observable, especially for the parallel orientation.
In the perpendicular orientation, however, it seems that this unwanted near-field
effect is reduced. This situation is clear in the large phantoms, where the maximum
gain values for both orientations are almost the same for an implant depth of 100
mm or more (more or less the size of the wavelength) because the air-phantom
boundary is located far from the near-field.
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Figure 52. Maximun gain (dBi) as a function of implant depth for different phantoms:
(a) horizontal and (b) vertical orientation.
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In Figure 53, the XY gain radiation patterns of both configurations are compared
for different depths and phantoms. The perpendicular orientation (Figure 53 (b)
and (d)) leads to more radiated power for all the cases. While differences between
small cubic and spherical phantoms at a depth of 10 mm (Figure 53 (a) and (b))
are not significant, these differences are notable in large phantoms at deeper
implant depths (Figure 53 (c) and (d)). In large phantoms, the spherical shape
presents more than 15 dB of improvement over the cube for vertical orientation.
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Figure 53. XY gain radiation pattern (in dBi) of the 2D square spiral PIFA in different
phantoms, depths and orientations: (a) implant depth of 10 mm, small phantoms (R=5
cm, L=10 cm) and horizontal orientation, (b) implant depth of 10 mm, small phantoms
(R=5 cm, L=10 cm) and vertical orientation, (c) implant depth of 100 mm, large
phantoms (R=15 cm, L=30 cm) and horizontal orientation, and (d) implant depth of
100 mm, large phantoms (R=15 cm, L=30 cm) and vertical orientation.
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4.3.5. Frequency Band

In this Subsection, I consider the behavior of in-body antennas in other frequency
bands. I am particularly interested in the 866.35 MHz UHF band (used in RFID
systems), and the 2.45 GHz ISM band. The final 2D and 3D square spiral PIFAs
developed in the previous chapter to work in the MedRadio band were resized
here to tune into the new frequency bands. The resulting dimensions are shown in
Table 27. The antennas were tested at two locations inside the 300 mm cubic
phantom: first, 10 mm from the mean body tissue-air interface; and second, in a
central location.

The gain and directivity results are shown in Table 28. As expected, at the central
location, the gain decreased as the frequency increased, due to higher absorption.
A variation of around 20 dB was observed between the 403 MHz and the 2.45 GHz
frequency bands. For this scenario (deeply implanted antennas), moving to higher
frequencies would have a strong impact on communication capabilities. However,
when the antenna was located 10 mm from the interface, the opposite behavior
was observed (the higher the frequency, the higher the gain). Thus, at a frequency
of 2.45 GHz the gain had increased as much as 12 dB for the 3D prototype, in
comparison with the 3D 403 MHz antenna. This behavior is mainly due to the
strong interaction between the radiated near-field and the air-tissue interface via
reflections and interferences. When increasing the frequency, the boundaries
between field regions decrease, as shown in Table 29. The dimensions of these
regions obtained for the frequency bands used and the human body tissues are
comparable with the dimensions of phantoms and implant depths.

In the study presented in [227], the gain was also found to be greater for higher
frequencies. These results were attributed to the relatively enhanced patch surface
area of the antenna at higher frequencies. In my study, the radiator width was
always 1 mm due to fabrication constraints, so the surface area was relatively large
for higher frequencies in terms of wavelength. Although this effect was noticed for
shallow implants, it was negligible in the central locations, mainly due to the
higher attenuation found in lossy media for higher frequencies. Taking into
account these considerations, this difference in gain is large enough to consider
ISM bands instead of the MedRadio band for shallow implant locations.

Regarding the effectiveness of 2D or 3D miniaturization, in Table 28 some
substantial differences can be found between low and high frequencies. The 2.45
GHz prototype only presented a variation of 0.4 dB between the two methods.
However, at lower frequencies, this difference rose to 4 dB. This discrepancy could
be explained by looking at the radiator lengths. At 2.45 GHz, the radiator is
practically not large enough to be folded in 3D (there is only 14% variation in size).
In contrast, the radiators at lower frequencies are larger, which significantly
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increases the 3D folding capacity (there is a reduction in size of 45% at 403 MHz

and 53% at 866 MHz).

For antennas implanted at a central location in a cubic phantom of 300 mm3, 2D
miniaturization shows similar or even greater gain values than the 3D method for
403 and 866 MHz. However, 2D prototypes are bigger than 3D ones, so it seems
that for such deep locations (the middle of a 300 mm cubic phantom) tissue
absorption is so great that it cancels the improvement from the 3D miniaturization

method.

Table 27. Dimensions and far-field features of the antenna prototypes.

Antenna Vol.

Length Width Height

F
requency prototype (mm3) (mm) (mm) (mm)

2D 364 13 14 2
403MHz ), 200 10 10 2

2D 180 9 10 2
866 MHz 84 6 7 2

2D 70 5 7 2
2.45 GHz

3D 60 5 6 2

Table 28. Gain and directivity results for the 2D and 3D prototypes selected.

Antenna
Frequency
prototype
2D
403 MHz 3D
2D
866 MH
Z  3p
2D
2.45 GHz
3D

Phantom 300 mm
Antenna at 10 mm

Phantom 300 mm
Antenna centered

Gain
(dBi)
-47.3
-44.7
-37.6
-33.6
-26.3
-26.7

Dir.
(dBi)
2.7
1.3
5.1
5.5
5.6
5.5

Gain
(dBi)
-50.9
-52.3
-53.8
-54.2
-72.2
-72.2

Dir.
(dBi)
2.1
2.1
4.1
49

6

6.2

Table 29. Field regions (in mm) for electrically small antennas depending on

frequency band and implanted in a skin phantom (&,=46.7).

Regions Distance 403 MHz 866MHz 2.45 GHz
Reactive near-field (mm) 0.159 A 17.3 8.5 3.2
Radiative near-field 2A 108.9 53.7 19.9
(mm)

Transition (mm) 2 217.8 107.4 39.7
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Table 30 shows the gain, efficiency and transmission coefficient values of the
antennas at an implant depth of 10 mm for the 100 mm and 300 mm cubic
phantoms. Here, the variations between the phantoms were also significant. The
multipath radiation in the 300 mm phantom suffered more attenuation, mainly
caused by the surrounding tissue. Indeed, far-field parameters are highly affected
by the amount of tissue crossed. The frequency most affected for the phantom size
is the lowest one, obtaining a reduction of 88% for the efficiency and 10.3 dB for
the gain. Meanwhile, the 2.45 GHz prototype presents more robustness against
phantom size variation, with the efficiency decreasing slightly, by 10%, and the
gain 1.8 dB.

As can be observed in the last column of Table 30, the transmission coefficient is
less significant between phantoms, since the radiation in the positive y-direction
crosses 10 mm of tissue in all the cases. Nevertheless, if the implant depth is
increased, the transmission coefficient decreases. This effect can be seen in the
radiation pattern when changing the implant depth from 10 mm to centered inside
the cubic phantom of L=300 mm (Figure 54).

The variations in the 403 MHz band are less significant than in the 2.45 GHz
prototype when increasing the implant depth. Indeed, as seen in Figure 54, the
higher the frequency is, the greater the impact of the implant depth on the radiated
power. Higher frequencies attenuate faster, especially in biological tissues, where
the wavelength becomes smaller than in air. In addition, whereas the behavior of
the 403 MHz tends to be dipolar, higher frequencies present a multi-beam
radiation pattern, as seen for the 2.45 GHz prototype implanted at the center of the
300 mm cubic phantom.

Table 30. Comparison of far-field features between the two phantoms for the three
prototypes at a depth of 10 mm.

Frequency Phantom (mm) Efficiency (%) Gain (dBi) Si2 (dB)

L=100 0.013 -37 -68.2
sl L=300 0.0015 -47.3 -66
Variation -88% -10.3dB -2.2 dB
L=100 0.018 -34 -65.4
866 MHz L=300 0.0053 -37.6 -64.2
Variation -70.5% -3.6 dB -1.2dB
L=100 0.07 -24.5 -57.7
2l L=300 0.063 -26.3 -59.2
Variation -10% -1.8dB -1.5dB
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Figure 54. XY E-field radiation pattern of the 2D square spiral antenna in the three
frequency bands implanted in the 300 mm cubic phantom (a) at a the center and (b) at
a depth of 10 mm.

Concerning the gain in the desired direction (positive y-axis), the most suitable
prototype at deeper locations is the 403 MHz antenna, and the worst is the antenna
operating at 2.45 GHz (Figure 54 (a)). Conversely, in implants placed close to the
surface (Figure 54 (b)), the behavior is reversed: the 2.45 GHz prototype radiates
more power in the main propagation direction. Again, the air-phantom boundary
in the radiative near-field region decreases the amount of power radiated in this
direction.

The radiation patterns of Figure 55 represent the propagation of the three
prototypes implanted in a 100 mm cubic phantom. There are substantial
differences from the case of the 300 mm cubic phantom. On the one hand, at the
center of the phantom, the depth is 49 mm instead of 149 mm, thus the air-
phantom boundary is more relevant for the near-field region. The highest gain
here is for the 866 MHz prototype, not that at 403 MHz. Both radiate in a dipolar
way, while the 2.45 GHz antenna produces more radiation beams.
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Figure 55. XY E-field radiation pattern of the square spiral antenna in the three
frequency bands implanted in the 100 mm cubic phantom at a depth of (a) 49 mm and

(b) 10 mm.
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On the other hand, at a depth of 10 mm, the gain is lower for the lower frequency
antennas, in comparison with the implants at the center; whereas the gain of the
2.45 GHz prototype is higher. The location of the phantom surface means it
interacts with the near-field of the 403 MHz and the 866 MHz prototypes to a
greater extent than that of the 2.45 GHz antenna.

In order to determine the ideal phantom size to optimize the gain, some
simulations were performed varying the depth and the size of the phantom. Figure
56 represents the maximum gain of the 866 MHz and the 2.45 GHz prototypes as a
function of the cubic phantom size for three different implant depths. It is possible
to establish a phantom size where the gain reaches its maximum for the other two
frequencies. For the 866 MHz antenna, as for the 403 MHz one, this maximum is
near the boundary between the near and the far field (one wavelength). For the
2.45 GHz case, this size is not well determined.

Regarding the effect of antenna orientation, Figure 57 presents the XY gain
radiation pattern for the three frequencies in a vertical orientation at a depth of 10
mm for different cubic phantom sizes. Greater differences are observed in the
small phantom between frequencies than in the large one. It is also interesting to
note that the gain in the positive y-direction is greater in the larger phantom,
especially for the 403 MHz prototype. This is because the main radiation lobe is not
in the expected positive y-direction.
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Figure 56. Maximum gain as a function of implant depth and cubic phantom size for
(a) 866 MHz and (b) 2.45 GHz prototypes.

83



Chapter 4

40
20 20
-60 -50 -40}'—30 -20 -60 -50 -40 <30 -20
340 340
220 ST ez 220 2 sesuz
240 2450 MHz 240 2450 MHz

260 2ou 260 2ou
(a) (b)

Figure 57. XY gain radiation pattern (in dBi) of the square spiral antenna in the three
frequency bands implanted vertically at a depth of 10 mm in different phantoms: (a)
100 mm cubic phantom and (b) 300 mm cubic phantom.

4.3.6. Anatomical Model

[ compared the results for the 100 mm and 300 mm cubic phantoms with those
obtained using the highly detailed anatomical model. Figure 58 illustrates the XY
and YZ gain radiation patterns of the RA prototype implanted inside the three
phantoms tested. The results show good agreement between the radiation
parameters using the Duke phantom (abdominal implant) and the 300 mm cubic
phantom. This concordance is due to the comparable dimensions of the phantoms;
whereas the 100 mm cubic phantom is relatively small. Therefore, this similarity is
expected to vary depending on the implant location. Consequently, knowledge of
the final placement required for the biomedical application is fundamental to
determine the most accurate cubic phantom for each case, when calculating the
far-field features of an implantable antenna and validating the simulation results.

315

—— 100 mm cubic
270 — = 300 mm cubic 270
- Duke's abdomen

(a) XY plane (b) YZ plane

Figure 58. XY gain radiation pattern (dB) of the RA in the three phantoms at an
implant depth of 10 mm.
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4.3.7. Characterization Protocol

Considering all the previous results, I suggest to further explore a characterization
protocol for in-body antennas.

It could be said that there are two different ways to approach the design of an in-
body antenna, depending on the purpose:

¢ To design an in-body antenna for a specific application, knowing in advance
the average dimensions of the phantom and the implant depth (so it should
be characterized under these conditions).

* To design an antenna that efficiently operates inside the body, without
knowing in advance the specific application (actually, a frequent situation
in the literature).

For the second case, the standardization of the phantom dimensions and the
implant depth when characterizing an in-body antenna could help antenna
designers. By evaluating the antenna performance under these conditions, it could
be possible to obtain an idea of the suitability of an antenna working in a general
in-body scenario. Moreover, thanks to this protocol, the comparison of the
performance of different in-body antennas would be more accurate and direct.
Thus, from the point of view of the antenna engineer, the selection of one design or
another for a specific application would be easier and faster.

For example, for in-body applications operating in the MedRadio band, a good
solution for modeling the antenna and its surrounding tissue could be the location
of the antenna in the center of a 100 mm or 200 mm homogeneous cubic phantom.
This selection is based on the following considerations:

e The reactive near-field region in skin (&,=46.7) is 17.3 mm (see Table 29). A
cube with an edge length of 100 mm ensures that, if the antenna is placed in
the center, the air-phantom boundaries are outside this region.

e The radiative near-field region in skin (&=46.7) is 108.9 mm (see Table 29).
A cube with an edge length of 200 mm ensures that, if the antenna is placed
in the center, the air-phantom boundaries are outside this region.

e Locating the antenna in the center of the phantom avoids variations in the
far-field region due to antenna orientation.

e (Cubic phantoms with an edge length of 100 mm are already used in the
literature (see Table 8 in the Section 2.5).

* Cubic phantoms are easier to manufacture.

However, knowing the important influence of air-phantom boundaries on antenna
performance, optimal phantom dimensions could be determined in advance for the
near-field regions. This would reduce simulation time and computational load.
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4.4. Conclusions

The influence of the phantom on antenna performance was assessed in this
chapter. First, strong differences were observed in terms of antenna gain and
efficiency depending on the phantom size. Using a 300 mm cubic phantom instead
of a 100 mm cubic phantom resulted in a reduction in gain of up to 10 dB.
Moreover, when using the anatomical model with an antenna implanted 10 mm
underneath the abdominal skin, good agreement was obtained with the 300 mm
cubic phantom. The results indicate that other parameters such as the implant
depth and the orientation of the antenna also lead to significant variations in
antenna performance. For shallow implants, the antenna should be
perpendicularly oriented to achieve greater values of gain; whereas deep implants
are less sensitive to orientation. Three different canonical shapes were employed,
giving rise to considerable variations in antenna features, especially as the
phantoms become larger.

The square spiral PIFA prototypes from the previous chapter were resized to
operate in the ISM band of 866.35 MHz and 2.45 GHz. The results indicate that the
interaction between radiated field regions and the air-tissue interface is critical in
terms of antenna performance. Indeed, for shallow implants, antennas working at
higher frequencies can achieve better performance due to the fact that they have a
smaller near-field region. In addition, the relative larger size of antennas at 2.45
GHz also improves their efficiency. Both points compensate the increase of the
radiation absorption in high frequencies.

Finally, considering these results, [ suggest the development of a characterization
protocol for in-body antennas. Even though this is not the objective of this thesis,
the development of such standardization could help antenna engineers. This
protocol recommends placing the antenna in the center of a cubic phantom. The
dimensions of this phantom have to be set according the operating frequency with
the aim of reducing the interaction between the air-tissue interface and the near-
field region. The development of such a protocol could assist in determining the
most suitable prototype for an in-body application from all the designs and
proposals provided by researchers and companies.
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5. Fabrication and
Characterization of In-body
Antennas Based on LTCC
Technology

5.1. Introduction

The previous two chapters focused mainly on specific issues related to the design
of in-body antennas. In the development of IMDs, however, the design stage is only
the first step in the process. Once the prototype is created through computational
modeling and simulations, it must then be manufactured and experimentally
validated. In this chapter, a detailed description and an analysis of the fabrication
process is presented, as well as some relevant topics regarding the
characterization of in-body prototypes.

As previously introduced in Subsection 2.3.2, LTCC technology provides several
advantages for the fabrication of in-body antennas and the packaging of the whole
IMD: lossless substrate, high resolution, multilayer compact structures, integration
with electronics, implementation of internal cavities and vias, durability,
biocompatibility, etc. Nevertheless, the LTCC manufacturing process comprises
complex physical and chemical procedures that introduce tolerances in the initial
design, leading to slight variations in the dimensions or in the electrical properties
of the substrate. If these alterations are sufficiently large, they may even
compromise the antenna performance. Thus, the antenna designer must to have a
good knowledge of all the manufacturing steps in order to avoid (or at least
control) these tolerances.

Once the in-body antennas are manufactured, another source of error in their
characterization is the measurement setup itself, as described in Subsection 2.3.10.
The feeding of the antenna or the presence of unbalanced currents along the
coaxial cable may alter the measurement of the antenna performance, such as the
reflection coefficient, the radiation pattern or the efficiency [83], [228]. In this
chapter several measurement techniques for avoiding these effects will be
discussed:

* Feeding method: coplanar launcher or direct feeding.

* Reflection coefficient characterization: direct coaxial or coaxial with
splitter.

* Radiation pattern characterization: standard configuration or fiber optics.

So the principal objectives of this chapter are:
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e To describe the manufacturing process of in-body antennas in LTCC
technology.

* To identify the main issues related to the manufacturing process.

* To quantify the sensitivity tests of the manufacturing process in the antenna
performance.

e To present the experimental validation of some of the in-body prototypes
proposed in the previous two chapters.

* To highlight the main problems related to the characterization of in-body
antennas.

e To propose solutions for certain measurement issues.

5.2. Methodology

The proposed antenna designs assessed in this chapter are taken from the
previous two chapters, in which computational models and simulated results were
presented. Here, experimental validation is performed through LTCC antenna
fabrication, manufactured phantoms and in-vitro measurements.

5.2.1. Fabrication in LTCC Technology

The LTCC technology is based on multilayer ceramic technology, which includes all
the processes and materials used to obtain devices composed of several ceramic
layers with printed circuits. After a final consolidation process of all these
materials, a multilayer hermetic structure is obtained as a single block. Unlike
thick film technology in which the final device is not a monolithic structure, the
LTCC technology allows the inclusion of opened and closed cavities as well as the
interconnection of components from the surface to the inner layers like, for
example, Surface Mounted Devices (SMD) [229]. For the antenna designer these
features are particularly valuable since they allow the inclusion of other electronic
components such as the sensoring, harvesting or a RFID chip.

The LTCC fabrication process is divided into several steps (Figure 59) that will be
detailed below. All were carried out at the facilities of the Francisco Albero S.A.U.
company.
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Figure 59. Manufacturing process of the LTCC technology.
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5.2.1.1. Mask Design

Before initiating the fabrication process, the designs of the prototypes are placed
together in the same virtual mask according to the size of the green tape sheets.
Several masks were designed: one mask for each layer with metallic paths (Figure
60) and another one for each layer with cavities and vias. It can be seen that in a
manufacturing lot it is possible to print various prototypes depending on their size
and on the ability of the designer. Apart from the vias, cavities and metallic parts,
other elements are defined in the masks, such as the registers (or tape limits), the
fiducials (which will help in the alignment between sheets), the cut marks and the
identification of the lot (indicated in Figure 60).

The ceramic substrate tends to shrink in the horizontal plane due to thermal
treatments (by a factor of 0.88 for each substrate used). Two methods can be
applied to remedy this problem. The first is the zero-shrinkage technique, which
involves the application of a green layer of a specific material, such as alumina,
which sinters at much higher temperature than LTCC substrate, on the top and the
bottom of the multilayer structure. Those materials can be eliminated after the
firing step. As the alumina layers do not co-fire, they maintain their dimensions
and avoid the shrinkage of the LTCC substrate in contact with it, and hinder the
horizontal shrinkage of the whole structure. However, for structures thick enough,
a significant shrinkage and deformation can appear in the middle layers. The
second method is free-sintering, which consists in scaling the designed mask by
the shrinkage factor. Here, the problem appears in the accuracy of the shrinkage
and in the cavity deformations.

tape limits

cut marks

ﬂducialsﬂ
kY

identification

Figure 60. Mask design of a LTCC lot with several prototypes at different frequencies.
In purple, the radiator paths. In blue, the groundplane. Cut marks, fiducials, tape limits
and the lot identification are also indicated.
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5.2.1.2. Tape Blanking

The first step in LTCC manufacturing is called tape blanking and involves cutting
the green tapes with a guillotine according to the desired size (202 x 202 mm).
This size is determined by the equipment available, the features of the device and
the productivity desired [229]. Heraeus powder 51528B was used for the ceramic
slurry formulation suitable for the casting process at FAE company. The thickness
of the green tape depends on the parameters in its fabrication process, and can
range from about 100 um to 300 um.

5.2.1.3. Punching

The function of the punching process is to drill the green tape to form the vias and
the cavities in the coordinates specified by the corresponding mask (Figure 60).
Dies with different shapes and sizes are available for the small holes such as vias,
registers and fiducials, while for bigger cavities a method known as “nibbling” is
used. This technique consists in the sequential drilling of smaller dies until the
desired shape and size are achieved.

The diameter sizes used in the prototypes are 0.3 mm for the vias, 1 mm for the
cavity of the Subminiature Version A (SMA) connector and the fiducials, and 3 mm
for the registers.

5.1.2.4. Via Filling

The via filling is carried out with a metal paste to allow electrical connectivity
between layers. The equipment used depends on the rheology of the paste, the size
of the vias and the thickness of the sheet [229]. The silver paste from Heraeus
(TC7304), with high viscosity, was used. To make sure that the metal paste fills the
whole via, the green tape is placed on a porous base with vacuum. With the help of
a plastic mask and a spatula, the paste is introduced in the vias, as shown in Figure
61. The vacuum helps the paste flow through the vias, and fills them. In addition, a
light in the porous base provides a visual check of the process.

(a) (b)

Figure 61. Example of a green tape after the punching process (a) and during the via
filling process (b).
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5.1.2.5. Printing

After filling all the vias with the conductive paste, the next step is to print the
metallic paths in each substrate layer. The printing process and its features and
challenges are clearly explained in [229]. Basically, the printing process consists in
a squeegee impregnated with the metal paste that moves a screen forward with a
certain pressure. The metal paste used in this study was a silver paste from
Heraeus (TC7303). A negative pattern of the design is contained in the screen,
allowing the metal paste to flow through a textile mesh and to be deposited on the
substrate, as can be seen in Figure 62.

In multilayer ceramic technology this process requires high accuracy to ensure
enough resolution and repeatability. Although the available equipment in FAE
could provide a resolution of about 150 um, the path width of the selected
prototypes was raised from 300 um to 1000 pm because of the complexity of the
process. An example of the equipment used and the final result is shown in Figure
63.

movement___
~

sfueegee
= screen

substrate

Figure 63. Equipment for the printing process (a) and result of the green tape after the
printing process.
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It should be borne in mind that the bottom or top layer has to include the cut
marks for the posterior blanking of the individual parts.

5.1.2.6. Stacking

The stacking of the layers is carried out with a slight increase in the temperature
and the pressure. Apart from putting one layer on top of the other, the stacking
process has the function of properly aligning the designs, with only a few micras of
error, thanks to the artificial vision and the fiducials of each layer (Figure 64).

Figure 65 shows an example of the desired final stacking profile. Yellow paths
stand for metallic parts: “cond2” layer corresponds to the groundplane, “pcX”
layers are the paths that conform the radiator and “pcviaX” layers are the vias. The
blue layers correspond to the LTCC substrate layers.

alignement cameras

-
substrate

Figure 64. Equipment of the stacking process.
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Figure 65. Profile example of a prototype with three metallic layers for the radiator
(“pcX”) and a metallic layer for the groundplane (“cond2”). Metallic vias are depicted
with “pcviaX”. The distance between layers are also expressed.
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For the zero-shrinkage method, alumina layers are required on the top and the
bottom of the structure.

5.1.2.7. Lamination

The lamination process performs a pressing of the whole structure at a
temperature around 70 °C during 30 minutes to conform a monolithic structure.
This process is critical, since after this point it is not possible to separate the layers
without compromising the whole structure.

The main challenge here is to avoid deformations of cavities due to the pressing,
especially in the free-sintering method. During the stacking process, the cavities
can be filled with a paste made of a sacrificial material (which burns out
completely before the ceramics sintering, at about 450 °C) to prevent shrinkage
and deformation.

5.1.2.8. Blanking

The blanking step consists in cutting the structure in the individualized devices.
This process can be done automatically or manually, depending on the accuracy
required. The visible cut marks on the top layer will guide in this process, as shown
in Figure 66, where alignment cameras are used in an automatic device.

Figure 66. Blanking equipment.

5.1.2.9. Firing or Sintering

The firing or sintering is the last process before the final device is obtained. Here,
the individual blocks are submitted to a complex thermal procedure inside a
furnace (Figure 67), explained in detail in [229]. The first thermal cycle consists in
the removal of the organic additives such as the sacrificial paste of the cavities. The
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second cycle aims to sinter all the materials in a perfect hermetic monolithic
structure.

The indicated thermal process for the presented prototypes was previously
optimized in FAE. The first cycle consists in a temperature increase of 2 °C/min
until reaching 860 °C, while the second cycle corresponds to 2 hours at 860 °C.

Examples of some of the final prototypes obtained are shown in Figure 68. Zero-
shrinkage method and automatic cutting are shown in Figure 68 (a) and free-
sintering and manual cutting in Figure 68 (b). For the zero-shrinkage method, the
removal of the alumina layers and the cleaning of the resulting devices with
ultrasounds are required.

Figure 67. Furnace equipment for the sintering process.

Figure 68. Final manufactured prototypes following the zero-shrinkage method (a)
and the free-sintering method (b).
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5.1.2.10. Assessment of the LTCC Fabrication Process

The prototypes chosen for the experimental characterization correspond to the 2D
and 3D square spirals at 403 MHz presented in the previous chapters (“2d2h” and
“3d2h” respectively, henceforth called “2d403” and “3d403” respectively). Their
counterparts at the resonant frequencies of 866 MHz and 2.45 GHz have also been
selected for measurements (“2d866”, ”3d866”, “2d2450” and “3d2450”
respectively). 2D antennas at the three frequencies of study with a radiator width
of 0.3 mm have also been assessed, as shown in Figure 69, as proof of feasibility of
manufacturing smaller designs (prototypes “2d403t”, “2d866t” and “2d2450t”).
Table 31 summarizes the prototypes presented and their dimensions. Skin cubic
phantoms of 10 mm are used to mimic the body tissue properties, prepared as
indicated in Subsection 2.4.3.

(f)

(h)

Figure 69. Selected final prototypes: (a) 2d403, (b) 2d866, (c) 2d2450, (d) 3d403, (e)
3d866, (f) 2d2450, (g) 2d403t, (h) 2d866t, (i) 2d2450t.

Table 31. Dimensions of the selected antennas.

Prototype Config. Frequency Volume w L T
(mm?3) (mm) (mm) (mm)
2d403 2D 403 MHz 364 14 13 2
3d403 3D 403 MHz 200 10 10 2
2d403t 2D 403 MHz 100.32 7.6 6.6 2
2d866 2D 866 MHz 180 10 9 2
3d866 3D 866 MHz 96 8 6 2
2d866t 2D 866 MHz 53.76 5.6 4.8 2
2d2450 2D 2.45 GHz 77 7 5.5 2
3d2450 3D 2.45 GHz 60 6 5 2
2d2450t 2D 2.45 GHz 19.8 3.3 3 2
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Figure 70. 3D perspective of the sensitivity test parameters.
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In order to quantify possible errors in the antenna performance due to the
fabrication processes, sensitivity tests of several relevant parameters are
performed. In [104] various sensitivity tests were carried out to identify and
quantify sources of potential experimental uncertainties, such as the gluing effect,
the antenna radius, the patch alignment, the substrate permittivity, the electrical
properties of the phantom or the relative location of the antenna in the phantom.
In our case, simulations of relative frequency detuning as a function of small
variations in antenna parameters and the surrounding permittivity are assessed in
the three frequencies and the 2D configurations (Figure 70).

5.2.2. Phantom Realization and Characterization

In accordance with the characterization protocol suggested in Subsection 4.3.7,
100 mm cubic and homogeneous phantoms have been used in the laboratory. The
low-cost recipes have been taken from [230] and are available online at [231].
These recipes are based on salt, sugar and deionized (or distilled) water. As the
relative permittivity of the distilled water is about 80, the addition of sugar allows
its reduction up to nominal values of biological tissues. The conductivity is
basically increased by adding salt, which also raises the permittivity slightly [75].

The manufactured phantom liquids are characterized with the commercial
complex permittivity measurement system Agilent Technologies 85071E, together
with the HP8720C network analyzer and the software provided by the company. A
coaxial open-ended probe is inserted in a cuboid shell filled with the liquid, as
shown in Figure 71. The calibration process is based on the measurement of open,
short and water at 20° C (water properties are closer to liquid phantom
properties).
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Figure 71. Characterization set up of the dielectric properties of liquid phantoms.

5.2.3. Antenna Characterization

The experimental measurements of in-body antennas are carried out using the
typical configuration for this purpose: a coaxial cable and a direct connection
through a SMA connector. Antennas are implanted in the center of a 100 mm cubic,
homogeneous and liquid phantom.

The most relevant prototypes, presented in Table 31, are experimentally
characterized through the reflection coefficient.

A modification of the Equation 14 presented in Subsection 2.3.9 is used to estimate
the measured gain from the received power, defined as:

Gayr (dBi) = Grep + (PAUT — Pref) (16)

where G4y is the estimated gain of the tested antenna (dBi), G, is the simulated
gain of a reference antenna (dB), P,yr is the measured received power of the
tested antenna (dB) and P, is the measured received power of the reference
antenna (dB). Both antennas have to be fed by the same power and have to
resonate at the same frequency.

A detailed analysis of the issues found when measuring in-body antennas is
presented with the aim of understanding and minimizing differences between
experimental results and simulations. Several solutions for overcoming these
mismatches in the results are proposed. Moreover, the addition of a coplanar
launcher in the antenna connection is also presented in order to facilitate the
manufacturing.

97



Chapter 5

5.3. Results and Discussion

In this Subsection I discuss the most relevant issues related to the fabrication of
the LTCC prototypes. A range of frequency detuning tolerance is assessed from the
results obtained in the sensitivity tests. The results of the aforementioned
characterization methods for eliminating the coaxial cable effects are also
presented and discussed. Reflection coefficient characterization through a
coplanar launcher and a splitter are compared to direct coaxial feeding. A first
approach of the radiation pattern and gain measurements by means of an optical
fiber link is also presented.

5.3.1. Prototyping in LTCC Technology

Although many fabrication lots have been developed in this thesis, only the most
relevant manufactured antenna prototypes and the most important results in their
fabrication process will be shown here.

In Figure 72 (a) fabricated antennas with the free-sintering method and resonating
at 403 MHz (left side), 866 MHz (middle) and 2.45 GHz (right side) are presented.
The difference in size depending on the operating frequency is observable
immediately. For the smaller prototypes, the SMA connector soldering is a
challenge. The manual cutting used in this case allows removal of the substrate
behind the limit marked by the groundplane. Figure 72 (b) shows antennas
fabricated with the zero-shrinkage method and automatic cutting, which maintains
undesired substrate behind the groundplane (shown in blue). In practical terms,
this is equivalent to considering a decrease in the effective electrical permittivity
surrounding the antenna.

L=
Figure 72. Example of manufactured antennas in LTCC technology: (a) with the free-

sintering method and manual cutting and (b) with the zero-shrinkage method and
automatic blanking.
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Certain parameters of the physical properties of the manufactured antennas have
been studied. Figure 73 presents a detailed view of the air gap or cavity where the
inner conductor of the connector is placed. Notice the significant misalignment
between the punching of the hole and the printing of the serigraphy, especially in
Figure 73 (a). If this misalignment were more accentuated, a short circuit between
the groundplane and the inner conductor of the connector might cause complete
antenna malfunction. On the other hand, whereas the diameter of the cavity shown
in Figure 73 (a) is equal to 0.934 cm, in Figure 73 (b) it measures 0.834 mm. Such
differences can lead to a frequency detuning because of a sudden change in the
electrical properties of the medium in such close proximity from the feeding point.

Differences in the color of both the LTCC substrate and metallization in the two
prototypes of Figure 73 are due to the fact that Figure 73 (a) applied the zero-
shrinkage method while Figure 73 (b) was manufactured via free-sintering. In the
zero-shrinkage method, part of the alumina remains attached to the silver,
darkening its color. Apart from the color, other changes arise in the profile of an
antenna with zero-shrinkage firing, as in Figure 74; it can be seen that there is
absence of contraction only in the superficial layers, but in the middle layers there
is shrinkage of about 0.175 mm, thus altering the real size of the radiator and
therefore the antenna performance. In the same picture, the thickness of the
substrate measures 2.078 mm, but this depends on several factors such as (among
others) the position of the antenna in the mask, or the choice of the sheets
conforming the substrate.

Figure 73. Detailed views of the cavity for the SMA connector in the direct connection
feeding. Antenna in (a) used the zero-shrinkage method while antenna in (b) used
free-sintering.

99



Chapter 5

L=CA7S mam

Figure 74. Profile detail of an antenna manufactured with the zero-shrinkage
technique. A significant shrinkage can be appreciated in the center of the substrate.

Another source of error is the diameter of the vias due to layer misalignment and
the fact that the sacrificial paste in the cavity is not perfect. Thus, the resulting via
is not a perfect cylinder, contrary to the assumptions in simulations. The X-ray
images allow us to see inside the prototypes (Figure 75). The irregular shape of the
via is noticeable in the profile view (Figure 75 (b)).

Although most of the prototypes have been designed with a radiator width of 1
mm due to the complexity of the fabrication process, some antennas with radiators
of 0.3 mm-width have also been manufactured. To avoid short circuiting in the
radiator, the cavity for the SMA connector had to be shifted towards the external
part of the substrate, as seen in Figure 76. The problem then appeared when trying
to connect the SMA connector in such a small part of the radiator, causing
malfunctioning in many of the prototypes. Another issue related to the cavity for
the connector is that its placement is so close to the edge that this may lead to the
rupture of the substrate, as can be seen in Figure 76 (b).

(a) (b)

Figure 75. X-ray images of a manufactured antenna: (a) frontal view and (b) lateral
view. The metallic via shows an irregular shape.
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Figure 76. Detailed views of the air cavity in thinner prototypes.

5.3.2. Sensitivity Tests

Because of the aforementioned physical issues concerning the fabrication of LTCC
antennas, sensitivity tests of some of the parameters in Figure 70 were carried out.
Results of the relative frequency detuning for prototypes operating at the three
frequencies of interest are shown in Figure 77.

The results in Figure 77 show that the most relevant parameters in terms of
frequency detuning are the substrate permittivity and the horizontal size (Figure
77 (b) and (c), respectively), leading to variations of up to + 10% for the range of
study selected. In the case of the substrate permittivity, it should be borne in mind
that every time a new lot of the green tape is created, slight variations in the
material composition may lead to changes in the electrical parameters of the
substrate. In addition, the whole fabrication process itself has to be controlled to a
sufficient degree to guarantee a minimum error in the electrical properties of the
substrate. Therefore, it is strongly advisable to accurately characterize the
substrate permittivity and conductivity before manufacturing a new lot. For its
part, the scale factor is determined by the sintering method used: either zero-
shrinkage or free-sintering. The former ensures a null scale factor in the superficial
layers but not in the middle, as seen in Figure 74; the latter presents a constant
horizontal scale factor of 0.88 for all the substrate, and is thus the more reliable
method.

The influence of the other parameters studied is less relevant, as seen in Figure 77
(), (d), (e) and (f), where in most cases the frequency detuning is less than 0.6%.
Hence, in the frequency characterization of the antennas, the phantom permittivity
may have small variations without compromising the frequency detuning (Figure
77 (a)). Phantom recipes of salt, sugar and distilled water are therefore indicated
for this purpose. The substrate thickness does not exceed 100 pm in any case
(scale from 0.95 to 1.05), resulting in a frequency detuning of less than 0.4%
(Figure 77 (d)).

101



o © o=
R o o~ — 403 MHz & -
@ A NGt --- 866 MHz =
T o S 2.45 GHz T 0
2 o] 2
3 5
o

g o 2y
c o c
[ ' [
=] | 5 W
o S~ o 1
2 o 2
w cl) L T T T T . w

-10 -5 0 5
(a) Phantom permittivity detuning (%) (b)
= _
e o | — 403MHz 8 S
e --- 866 MHz =
Zwod 0 s | 2.45 GHz £ o
= 2 o
s _ . 3
Y Pl
5 5 <
S 91 g
g g
—- O = o0
Lo 1y T T T T w )

0.90 0.95 1.00 1.05 1.10
(C) Size (xz) scale (d)
—_ -~ 8
£ N £ s
o - )]
£ £ w
= =
B Fol
e o]
> T > O
g g =
0 o | — 403 MHz o <
T --- 866 MHz o
e 2.45 GHz 2L
w ' T T T T T T w OI

0.10 0.12 0.14 0.16 0.18 0.20

Via radius (mm

(e) (mm) ()

Figure 77. Sensitivity test results for the

T 245 GHz

— 403 MHz
- - 866 MHz
B 245 GHz

T T T
6.0 6.5 7.0 7.5 8.0 8.5 9.0
Substrate permittivity

. — 403 MHz
. --- 866 MHz
----- 2.45 GHz

T T T
0.90 0.95 1.00 1.05 1.10
Thickness (y) scale

— 403 MHz
- ~- 866 MHz

T T T
0.0 0.1 0.2 0.3 0.4 0.5
Air gap radius (mm)

selected parameters: (a) phantom

permittivity detuning, (b) substrate permittivity, (c) horizontal size scale, (d)
thickness scale, (e) via radius and (f) air gap radius.

Whereas the size of the vias is not significant for the lower frequencies, as can be
seen in Figure 77 (e), it can be critical for the antennas operating at 2.45 GHz. This
can be controlled by improving the alignment of the layers and by determining the
scale factor of the cavity (in spite of the sacrificial paste). The cavity for the
placement of the inner conductor of the SMA connector was found to be almost

negligible for the frequency detuning (Figure 77 (f)).

Taking all these considerations into account, a tolerance error of the frequency

shift of around 2% due to the fabrication process will be tolerated.
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5.3.3. Dielectric Properties of Manufactured Phantoms

Dielectric properties of the manufactured skin-based 100 mm cubic phantoms at
the three selected frequencies are shown in Table 32. It can be observed that the
higher the frequency, the greater the differences between theoretical and
measured results. It is also noticeable that conductivity values in the frequency
band of 2.45 GHz were not achievable with these recipes because the targeted
value was outside the feasible range. Thus, a larger bandwidth is expected in that
frequency, due to the increase in losses.

Table 32. Recipes, targeted and measured dielectric properties of liquid skin
phantoms at a temperature of 20 °C.

Recipe (g) Targeted values Measured values
Frequency Water Sugar Salt & o (S/m) &r o (S/m)
403 MHz 500 736.4 315 46.7 0.69 47.5 0.6
868 MHz 500 721.9 11.7 416 0.86 40 0.76
2.45 GHz 500 517.6 189 38 2.8* 33.6 2.49

*The targeted value should be 1.46, but it is not achievable with these recipes.

5.3.4. Experimental Characterization of In-body Antennas

The preliminary characterization of the in-body antennas proposed in the previous
two chapters, and summarized in Table 31, is presented here. Figure 78 shows the
measured and simulated reflection coefficients of the selected prototypes. For the
antennas operating at 403 MHz (Figure 78 (a) and (b)), we can observe a
frequency detuning of 2 MHz and 8.3 MHz for the 2D and 3D prototypes,
respectively (i.e., a relative frequency detuning of 0.5 % and 2.1 %, respectively).
Differences in the Si1 level between simulations and measurements are more
relevant (12 dB and 6.4 dB for the 2D and 3D prototypes, respectively). For the
antennas operating at 866 MHz (Figure 78 (c) and (d)), the relative frequency
detuning is 1.2 % in the 2D design and 1.6 % in the 3D design, while S11 levels vary
from 2.1 dB in the 2D antenna to 11.5 dB in the 3D prototype. Regarding the
antennas operating at 2.45 GHz (Figure 78 (e) and (f)), the relative frequency
detuning increases up to a 2.9 % for the 2D model and 0.8 % for the 3D antenna.
The S11 levels between simulations and measurements change less than 1 dB in the
2D model but 12.6 dB in the 3D one.

Figure 78 (g) and (h) depict the reflection coefficient of the prototypes 2d403t and
2d866t, which show similar behaviors to their counterparts at the same frequency.
The manufacturing of antennas of this kind with thinner radiators in LTCC
technology presents promising results.
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Figure 78. Preliminary reflection coefficient measurements and simulations of the
prototypes presented in Table 31: (a) 2d403, (b) 3d403, (c) 2d866, (d) 3d866, (e)
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As mentioned in the previous Subsection 5.3.2, a relative frequency detuning of up
to 2% is tolerated due to the inaccuracies in the manufacturing process. The
results indicate that the frequency detuning is, in general, within that range.
However, in certain cases this 2% of tolerance is exceeded, suggesting that the
measurement setup is also a source of errors. In addition, differences in the Si1
levels are significant in most cases. In the next section, improvements in the
measurement setup to suppress the coaxial cable influence on the measurements
are proposed.

Another issue regarding the measurement setup is the fragility of the SMA welding
in the groundplane. Indeed, the metallic layer of the groundplane of several
prototypes broke during the measurement process. Therefore, a solution for
improving the robustness of the SMA connection by means of a coplanar launcher
is considered.

The characterization of the far-field features of the proposed antennas will be
assessed according to these measurement improvements.

5.4. Improvements in the Measurement Setup

In view of the results presented in the previous Section, and in order to understand
the influence of the measurement setup on the measures, a revision of the
theoretical aspects involving in-body antenna measurements is presented here.

As already explained in Subsection 2.3.10, several measurement challenges arise
when dealing with ESAs located in an in-body scenario. In general, the
measurement of in-body antennas is performed by a coaxial cable, as this avoids
complex and costly system measurements. However, antennas surrounded by
biological tissues become inefficient and the effect of the coaxial cable in radiation
parameters cannot be treated as negligible.

In [14] a theoretical statement of the problem is presented (Figure 79). On the one
hand, unbalanced feeding (such as coaxial cables) interacts with ESA, significantly
modifying the antenna performance. As illustrated in Figure 79 (a) [14], the
current distributions of the back side of the groundplane flow to the outer
conductor of the cable, generating new radiated fields and altering the
measurements in free space. On the other side, when implanting an ESA into a
lossy medium (Figure 79 (b) [14]), the currents on the coaxial cable couple with
the lossy medium leading to a dissipated field that also affects the antenna
characterization.
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Figure 79. [llustrations of the current distribution (red arrows) due to the presence of
a coaxial cable to feed an ESA, shown in [14]: (a) the currents on the cable contribute
to the radiated field (black arrow) in free space, while in (b), when a body phantom
surrounds the antenna, these currents dissipate in the biological tissue (yellow
arrow).

The consequences of the radiated and dissipated fields that appear due to the
unbalanced feeding and the body phantom are resonant frequency shifts and
variations in the radiation parameters. Indeed, if the antenna radiation efficiency is
low enough, fields radiated due to the coaxial cable may be the main contribution
in radiation measurements. Therefore, discrepancies between radiation patterns
found in simulations and in measurements are difficult to prevent, as seen in [232],
where significant differences appear between simulated and measured radiation
patterns.

Several solutions have been proposed in the literature to address these issues.
Most classical solutions involve the addition of baluns, chokes or ferrites to reduce
the current flow in the coaxial cable, as described in [61], [96], [161] and [157]. To
measure the reflection coefficient, the work presented in [61] uses a choke,
whereas magnetic beads inside a plastic tube are picked up in the antenna
proposed in [96]. In addition, in [96], the feeding and measurement cables are
carefully positioned and foam absorbers are used to enclose the cables in the
measurement setup and to measure gain radiation patterns. In [157], a ferrite-core
material along the coaxial cable provides a measured radiation pattern in good
agreement with simulations. A quarter-wavelength balun is used in [161] to
ensure maximum transmission efficiency.

In the antenna prototype proposed in [83] the presence of a coaxial cable
surrounded by a vacuum shell and a reduced implant depth in the body phantom
in order to mitigate the effect of the coaxial cable are both discussed. The authors
point out the difficulty of measuring the radiation pattern due to the exact location
of the antenna in the phantom, the feeding coaxial cable and the liquid phantom
itself. Thus, only measurements of the horizontal radiation pattern are carried out.
Transmission levels of the same antenna are evaluated further in [14] when the
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antenna is already integrated with the whole IMD, therefore avoiding the cable
effects. Fiber optics has been proposed as a promising technology to measure
radiation features without cable interferences. In another study presented by the
same group, in [228], it is demonstrated that the effect of the coaxial cable is
reduced when the groundplane is in direct contact with the phantom. In that
situation, the current distributions flowing in the back side of the groundplane are
attenuated by the high losses of the phantom, preventing them from flowing to the
outer conductor of the coaxial cable.

According to these considerations and also other manufacturing issues, I present
three methods to improve the measurements of in-body antennas:

e A coplanar launcher as a feeding method to facilitate the soldering of the
SMA connector.

* A splitter as a balun to reduce the currents flowing back to the coaxial.

e Aradiation pattern measurement setup based on a fiber optics link as a first
approach to reduce the effect of metallic interferences in radiation.

The main goal of the first method is to facilitate the manufacturing process, while
the second one aims to enhance the reflection coefficient characterization. The aim
of the development of the fiber optics link is basically to improve the radiation
pattern measurement.

5.4.1. Feeding Connection

A critical point when experimentally characterizing in-body antennas is the
connection between the radiator and the coaxial cable, especially when the
antenna radiator, which has to be connected to the inner coaxial conductor, is
surrounded by the substrate. In this case, the soldering of both parts may become a
really hard task. Two methods have been explored and evaluated in terms of the
reflection coefficient and radiation pattern to solve this problem (both using a SMA
connector): a coplanar launcher and a direct connection.

Computational simulations of the two configurations have been carried out to
determine the reflection coefficient and the radiation pattern. The results are
compared to the “ideal” feeding, illustrated in Figure 80 (a). For the feeding of the
coplanar launcher, a feed point to coaxial transition has been performed (Figure 80

(c))-
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Figure 80. 3D perspective of the feedings connections: (a) “ideal” feeding, (b) direct
connection and (c) coaxial launcher.

Direct Connection

This technique consists in placing the SMA connector directly in the radiator, as
shown in Figure 80 (b). A 1 mm-diameter cavity allows the inner conductor of the
SMA connector to pass through the first 1 mm of substrate and to reach the
radiator. The difficulty lies in the welder of the inner conductor of the SMA
connector, since it is not accessible. One solution consists in exerting a certain
pressure between the SMA connector and the antenna and then soldering the outer
conductor to the groundplane. An air gap will remain in the cavity as the SMA inner
conductor has a diameter of 0.8 mm. The advantage of this configuration is that the
coaxial cable is behind the groundplane, reducing its effects on the antenna
performance. Direct connection was the feeding method used in Subsection 5.3.4
to perform the preliminary characterization of the antennas.

Coplanar Launcher

In this method, a coplanar launcher is used as a transition between the SMA
connector and the radiator. During the LTCC manufacturing process, a via filled
with metal paste is placed instead of a cavity. The groundplane is then modified
according to Figure 80 (c) and is directly connected with the coplanar launcher.
The advantage of this configuration is the simplicity of the SMA connector welding.
However, as the coaxial is not behind the groundplane, it may significantly modify
the behavior of the antenna, both in terms of frequency detuning and in terms of
variations in the radiated fields.

To mitigate the frequency detuning and to suppress the resistive losses due to the
coplanar launcher, a calibration of the connector is required. The calibration
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process consists in determining the first-order reactive parameters (inductive and
capacitive) when shortening and opening the output of the coplanar launcher
connector (Figure 81 (a) and (b), respectively) and immersed in the phantom
liquid. The equivalent reactive parameters are then calculated by means of the
launcher impedance in each case:

1+S511
1—511

Z =50 (17)

where S1; is the launcher return loss in each case.

The equivalent first-order reactive component of the open circuit corresponds to
parallel capacitor:

imag(Y)

- (18)

Coq =

where imag(Y) is the imaginary launcher admittance in an output open circuit.

The equivalent first-order inductive parameter of the short circuit consists in a
series inductor, defined in Equation 19,

imag(Z)

Leq = 2nf

(19)

where imag(Z) is the imaginary launcher impedance in an output short circuit.

The values of the reactive components are then considered directly in the network
analyzer when characterizing the antennas.

Table 33 presents values for the reactive parameters of manufactured open and
short circuits (Figure 81) for the three frequencies. These parameters are
introduced in the Network Analyzer for calibration purposes. In addition, the
resistive losses of the coplanar launcher when immersed in the phantom liquid and
found in the calibration process are also introduced in the model of the Network
Analyzer.

Figure 81. Manufactured coplanar launchers used for calibration purposes: (a) short
circuit, (b) open circuit and (c) load of 50 Q.
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Table 33. Values of the reactive equivalent components of the coplanar launcher
calibration.

Frequency  Short circuit, L., (nH) Open circuit, C., (pF)

403 MHz 0.181 1.403
866 MHz 0.178 0.828
2.45 GHs 0.157 0.851

(a)

Figure 82. Manufactured prototypes working at 403 MHz (a) with direct feeding and
(b) coplanar launcher feeding.

Figure 82 shows a zero-shrinkage manufactured prototype operating at 403 MHz
fed by the direct connection and the coplanar launcher (Figure 82 (a) and (b)
respectively).

To compare the effect of the feeding method on the frequency detuning of the
antenna, simulated results of the reflection coefficient are plotted in Figure 83. In
Figure 83 (a) the measurement of the direct connection feeding is compared to the
simulations of the direct connection as well as the coplanar launcher feedings.
There is an appreciable shift of 5 MHz between direct connection measurements
and simulations, mainly due to the absence of a device preventing the currents
from flowing back to the outer conductor, although they are close to the tolerance
range set by the sensitivity tests. A shift of 17 MHz is observed between
simulations of the two feeding methods. Simulated results of the coplanar launcher
show high losses beyond the operative bandwidth as a consequence of its direct
contact with the lossy phantom.

Figure 83 (b) shows the measurements of the antenna fed by the coplanar
launcher before and after the calibration. While the measurement without the
calibration also shows resistive behavior throughout the frequency range, in the
measurements after the calibration these losses are no longer present. This is due
to the compensation of the resistive losses made during the calibration process.
However, a difference of 11 MHz in the resonant frequency remains with respect to
the simulation of the direct connection.
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Figure 83. Reflection coefficients of manufactured prototypes working at 403 MHz
with different feedings: (a) direct connection and (b) coplanar launcher.

In order to assess the influence of the feeding method on the radiation pattern,
simulations of the 2d403 and the 2d866 antennas are performed for different
cases. In Figure 84 the simulated radiation patterns of the 2d403 antenna in both
feeding setups are compared to the ideal situation (see Figure 80) for the three
planes. Results indicate that the direct connection is more similar to the ideal
situation than the coplanar launcher, although few changes can be observed.
However, a rise in the frequency increases these differences, as seen in Figure 85,
where radiation patterns of the 2d866 antenna are depicted.

In view of the results, the coplanar launcher should only be employed when
characterizing antennas at low frequencies, such as the MedRadio band, in order to
facilitate the soldering process of the SMA connector. However, due to significant
variations in the radiation pattern, we do not support its use for far-field
characterization at higher frequencies.
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Figure 84. Gain radiation pattern at 403 MHz. (a) xy-plane, (b) xz-plane, (c) yz-plane.
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Figure 85. Gain radiation pattern at 866 MHz. (a) xy-plane, (b) xz-plane, (c) yz-plane.

5.4.2. Balancing the Feeding

PIFA antennas are generally classified as unbalanced, mainly due to the
groundplane that means that most of the radiation is performed only in the
radiator. However, in practice, if the groundplane is not large enough (as usually
happens in ESA) it also contributes to the radiation, with the PIFA as a kind of
balanced antenna and the coaxial cable a distortion element. This behavior directly
affects both the resonance frequency and the far-field features. In order to
minimize these unwanted effects in the reflection coefficient measurement, here I
present an alternative solution involving a power splitter, used as a transition
component from an unbalanced to a balanced signal. The splitter selected is the
SCPJ-2-9 model from Mini Circuits [233], which works from 200 to 900 MHz. To be
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used as a balun, the splitter must have a phase shift of 180 degrees. The advantage
of using an splitter as a balun instead of a choke is that the choke acts as a common
mode filter, whereas the balun makes a conversion from the common mode
(unbalanced) to the differential mode (balanced). The remaining signal in common
mode when using a balun is significantly smaller.

Figure 86 and Figure 87 display the procedure for measuring antennas with the
power splitter. First, the 3-port transmission levels of the splitter are measured.
Then, the 3-port splitter is converted into a 2-port component through the ADS
software [172], and it is connected virtually to the measures of the antennas, as
indicated in Figure 86 (b). Then, the resulting de-embedding of the circuit provides
the reflection coefficient of the antenna treated as a balanced antenna, without the
currents coming back through the coaxial cable. Reflection coefficient measures of
the 2d403 prototype with and without the splitter are carried out and compared to
the simulations.

(b) 3port
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Figure 86. (a) Splitter connected as a 3-port for calibration purposes and (b) circuit
used in ADS software to transform the 3-port to a 2-port.
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Figure 87. (a) Splitter connected to an in-body antenna for experimental validation
and (b) circuit used in ADS software to obtain the reflection coefficient without the
distortion of the splitter.
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The use of the splitter to cancel the currents flowing back to the coaxial is
analyzed. In Figure 88 the reflection coefficient of the 2d403 manufactured
antenna is presented. Two measurements have been carried out: without the
splitter and with the splitter (without de-embedding and with de-embedding). In
this case, a difference of only 3 MHz is obtained between simulation and direct
measurement, although the S11 level has a variation of 11 dB. When measuring the
antenna with the splitter and applying the de-embedding process, the same
frequency is matched and a variation of only 2 dB is obtained, showing good
agreement between simulations and measurements. It should be noted that a
larger bandwidth is obtained with the use of the splitter, probably due to an
underestimation of the latter’s resistive losses. However, in view of the results, the
use of the splitter for the frequency characterization is suggested.

In Figure 89 the gain radiation pattern of the 2d403 manufactured antenna is
presented and compared with simulations. The horizontal plane shows good
agreement between measurements and simulations, with a maximum variation of
2.6 dB. Nevertheless, the differences for the xy-vertical plane are more significant,
for two main reasons: the first is the addition of a 90 degree connector to place the
antenna in the vertical plane and the second is the complexity of the splitter de-
embedding process for the far-field measurement setup, which may introduce new
distortions to the radiation. The difficulty of carrying out the far-field
measurement in more than one plane has been described elsewhere in the
literature [83].
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Figure 88. Reflection coefficients of the 2d403 prototype with and without the splitter.
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Figure 89. Simulated and measured gain radiation patterns of the 2d403 prototype in
the (a) xz-plane and the (b) xy-plane.

It can be concluded that, although the horizontal radiation pattern has been
successfully measured, the use of a splitter is not indicated when measuring the
vertical radiation pattern. Therefore, a measurement setup based on fiber optics is
considered as a more promising method to solve all of the problems associated
with the distortion effects of the coaxial cable and connectors.

5.4.3. Fiber Optics Link

Fiber optics have been used to measure ESAs, as described in [234]. However, the
use of fiber optics to characterize antennas in an in-body scenario is still a
challenge. The main goal of using an optical fiber-based measurement setup for in-
body ESAs is the same as when using a balun, choke or splitter - that is, to remove
the large distortion produced by the unwanted radiation from a coaxial cable. In
addition, the advantage of the optical fiber over other methods is the drastic
reduction of the conductive parts that distort the radiated fields. Thus, fiber optics
has emerged as a promising technique for measuring the far-field of in-body
antennas.

The configuration of the proposed measurement setup is shown in Figure 90 (b).
In the standard configuration the equipment used comprises a RF Signal Generator
to feed the coaxial cable and a Network Analyzer with a wideband antenna to
detect the transmitted radiation (Figure 90 (a)). However, in the optical fiber
configuration, the transmission line consists in an optical fiber link instead of a
coaxial cable. At the beginning of the fiber, the analog RF signal is modulated into
an optical signal by a transceiver. At the end of the fiber, a receiver performs
exactly the opposite operation, trying to obtain, as far as possible, the same
original RF signal.
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Figure 90. Measurement setups: (a) standard configuration (coaxial cable and balun)
and (b) optical fiber configuration (optoelectronic modulation).

In the optical fiber configuration, there are two elements involved in the optical
conversions:

* Fiber optic transmitter: Converts the RF signal into an optical modulated
signal.
e Fiber optic receiver: Converts the optical modulated signal into a RF signal.

Two different transmitter devices have been used because of their features and
their reduced cost. The first one is the SPINNER FO-Transceiver Module BN
528992 [235], shown in Figure 91 (a). This transceiver comes totally integrated
into a tuned and tested module, and it also acts as a receiver if needed.

Figure 91 (b) shows the other transmitter, the AVAGO AFBR-1310Z [236], which
requires the implementation of an external Printed Circuit Board (PCB) (Figure
92). Nevertheless, its cost is 10 times lower. Table 34 lists some of the differences

between the transmitters.

Figure 91. Fiber optic modules: (a) SPINNER transceiver/receiver [235], (b) AVAGO
transceiver [236] and (c) AVAGO receiver [236].
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Vee f“ “

Figure 92. Implemented PCB for the transmitter module AVAGO AFBR-1310Z.

Table 34. Differences between optical transmitters.

SPINNER transceiver AVAGO transmitter
Receiver option Yes No
BW 50 MHz - 2.7 GHz 200MHz - 5.5 GHz
RF input power (max) 3 dBm 20 dBm
Operation Temperature -10°C ...45°C -40°C ...85°C
Technology DFB Laser Diode Fabry-Perot Laser
Integration Yes No, PCB required
RF supply voltage 12V 5V

The optical receiver has been selected to interfere as little as possible with the
antenna. The AVAGO AFBR-2310Z [236] presents good features, apart from having
few metalized parts (Figure 91 (c)); however, as can be seen in Figure 93, a simple
external circuit is required. The receiver acts as a splitter, so the RF output is
balanced. Table 35 shows the main features of the optical receiver.

FO

Figure 93. PCB used for the receiver module AVAGO AFBR-2310Z. The RF output is
connected directly with a cylindrical dipole as a proof of concept.
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Table 35. Main features of the optical receiver.

AVAGO receiver
BW 200 MHz - 5.5 GHz
Optical input power (max) 7 dBm
Operation Temperature -40°C ...85°C
Integration No, PCB required
RF supply voltage 33V

RF receiver

Figure 94. Optical fiber configuration: FO transmitter (a) and FO receiver (b).

Figure 94 presents the whole optical system for the measurement of antenna
parameters. Note that only the RF link is placed inside the anechoic chamber in
order to avoid interferences with the other elements.

The measurement setup based on fiber optics is conceived as a first approach to
characterize the radiation pattern of in-body antennas. Transmission levels have
been obtained in an off-body proof of concept scenario. However, further
developments are required to resolve the following issues in an in-body scenario:

Fiber Optics Power

Although the system works relatively well in an off-body scenario, the maximum
power available in the receiver optical module is too low for an in-body scenario.
Thus, the radiated power is not high enough to compensate for the losses in the
surrounded medium, resulting in an undetected signal by the external receiver
antenna. This problem may be solved by increasing the available power in the
receiver optical module. However, amplifiers should not be used in this part in
order to avoid interferences with the radiated fields. So, it is recommendable to
obtain a new optical fiber link with more available power.
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Feeding of the Optical Receiver Module

The main goal of using optical fibers is the removal of metallic parts to avoid
interferences. However, the receiver module has a DC feeding of 3.3 V. Initially, the
feeding solution was to provide an embedded small battery, but the intensity
required was insufficient to feed the whole circuit. So, an external device (Arduino
UNO) was used to feed the system. The problem appeared with the cable from the
Arduino to the receiver module, which introduced interferences in the radiated
fields. A solution to this would be the development of a new feeding system also
based on fiber optics, as in [234].

Sealing of the Receiver Module

As the receiver optical module is in close proximity to the in-body antenna, a
sealed packaging should be developed to avoid its direct contact with the phantom
liquid.

5.4.4. Discussion of the Measurement Improvements

The reflection coefficient and gain radiation pattern of the most relevant antennas
are shown in Appendix A. Measured reflection coefficients are carried out with the
addition of the power splitter for antennas working at 403 and 866 MHz. However,
the splitter does not work properly at 2.45 GHz, as pointed out in the
specifications. On the other hand, measurements were not performed for the
2d2450t prototype (Figure 69 (i)) because the antenna size was too small to solder
the SMA connector. For the other cases, frequency detuning is below the threshold
of 2%, in agreement with sensitivity tests.

Table 36 presents a summary of the resonant frequency and the Si1 level at that
frequency for simulations and experimental characterization with and without the
power splitter. Note that both frequency detuning and Si1 level variations have
been significantly improved thanks to the power splitter, and that 2D prototypes
present greater similarity between simulations and measurements, probably due
to the increase in the variables in the manufacturing process in the 3D antennas,
which accumulates more tolerances.

Regarding far-field features, measurements were carried out with the power
splitter to avoid currents flowing back to the outer conductor of the coaxial cable.
However, only the measurements in the horizontal plane (xz-plane) significantly
matched the simulations. Improvements in the measurement setup for the other
planes are required.
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Table 36. Simulated and measured Si; levels and resonant frequencies of the
presented prototypes with and without the power splitter.

Simulated Meas. without splitter Meas. with splitter
Prototype Si1@fies fres Variation % freq. Variation % freq.

(dB) (MHz) S11 (dB) detuning  Si1 (dB) detuning
2d403 -23.5 406 +12 0.5 +4.6 0.2
3d403 -21.6 403 +6.4 2.1 -0.5 1
2d403t -28.6 400 +12.9 0.8 -3.3 0.7
2d866 -14 869 +11.9 1.2 +0.4 0
3d866 -23.5 874 +11.5 1.6 +9.8 0.8
2d866t -26.6 865 +7.7 1.6 -2.2 0.8
2d2450 -10 2510 +1 2.9 - -
3d2450 -24.7 2460 +12.6 0.8 - -
2d2450t -45.3 2457 - - - -

Although the fiber optic link appears to be a good solution to avoid interferences in
the far-field measurements, further development is required to overcome several
challenges that remain.

5.5. Conclusions

In this chapter, the LTCC fabrication process for in-body antennas was analyzed.
Sensitivity tests were carried out to quantify the frequency detuning due to
inaccuracies in the process, and found that the substrate permittivity and the scale
factor were the most relevant parameters. A limit of a relative detuning up to 2%
was then considered as acceptable. In addition, the free-sintering method was
considered more appropriate, since the scaling factor allows more control than the
zero-shrinkage method. The radiator width of manufactured antennas was set to 1
mm in order to combine small size and technological feasibility. Nevertheless,
prototypes with a 0.3 mm radiator width were successfully manufactured.

Preliminary antenna characterization showed relative frequency detuning up to
2.9% and significant differences in the Si1 levels at the resonant frequency. In
addition, direct feeding through a SMA connector presented low robustness during
the manipulation of the antenna prototypes. Therefore, three measurement setups
were proposed as alternatives to improve the characterization of in-body
antennas:

e The coplanar launcher facilitates the soldering of the SMA connector.
However, it is only suitable for antennas operating at the MedRadio band;
at higher frequencies it significantly distorts the radiation pattern.

¢ The power splitter was found useful for suppressing the currents flowing in
the coaxial outer conductor at frequencies up to 900 MHz. Reflection
coefficient measurements showed a significant improvement. Gains in
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radiation pattern measurements were indicated only for the horizontal
plane, as too many distortions were found in the vertical one.

* Afirstversion of a measurement setup based on fiber optics was developed
and presented as a promising system to characterize the radiation pattern
free of coaxial cable distortions. However, further development is needed
to overcome several challenges that remain in an in-body scenario, such as
the power, the receiver feeding and the sealing.

The characterization of the most relevant prototypes at 403 MHz, 866 MHz and
2.45 GHz is presented with the use of the power splitter. 2D prototypes show more
agreement between simulations and measurements because of their lower
technological complexity. Measurements at 2.45 GHz present more differences
with simulations because of the unsuitability of the splitter at this frequency.

Finally, in view of the results and with the conclusions of the previous Chapter, we
strongly recommend the establishment of a measurement protocol for in-body
antennas, not only for the phantom dimensions and implant depth but also for the
measurement setup itself.
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ANTENNA DEMONSTRATORS
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6. Design and Characterization of a
Multilayered Broadband Antenna
for Compact Embedded
Implantable Medical Devices

6.1. Introduction

The next three chapters will focus on novel antenna designs for specific biomedical
applications; either to overcome the biotelemetry challenges presented in Chapter
2 or to improve breast cancer treatments through microwave hyperthermia.

As already mentioned in Chapter 1, antennas are an essential element of the
implantable and ingestible medical devices used in a growing number of
desapplications for the wireless monitoring of physiological parameters [18].
Compared to other approaches such as inductive links, implantable antennas offer
the advantages of reduced invasiveness, increased transmission data rate,
increased communication range, and reduced sensitivity to coils’ positioning [237].
Implantable antennas have been investigated in therapeutic and diagnostic
applications, including but not limited to gastrointestinal endoscopy [238],
artificial hip [239] and knee [240] measurements, and monitoring of intracranial
pressure [241], cardiovascular pressure [242], glaucoma [139], or blood glucose
[75].

Subsection 2.3 described the current design requirements for implantable
antennas, which include frequency of operation, bandwidth enlargement, size
miniaturization, biocompatibility, limited power absorption in body tissue, and
mechanical robustness [237]. Although size reduction is a primary design objective
for practical implantable antennas, other objectives must be addressed during the
design stage in order to optimize antennas for specific applications.

Some of the designs found in the literature (see Subsection 2.3) present antenna
prototypes of compact volume. However, they do not consider the impact of
integrating the electronics necessary for signal conditioning of sensor data (such
as amplifiers, digital converters and transceivers), for power management
circuitry and for the sensor itself [237]. Consequently, the final volume of the
complete implantable medical device (IMD) with the antenna and necessary
electronics will be increased, as in [241].

Another challenge when designing implantable antennas is the detuning observed
when the device is implanted at various body locations. This study builds upon our
previous work [111], in which we evaluated frequency shifts caused by the
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dispersive heterogeneity of electrical properties of tissue and distinct anatomical
geometries. Results showed that a bandwidth of at least 70 MHz is required for
implantable antennas based on a PIFA structure operating at the MedRadio 401-
406 MHz frequency band.

Finally, in order to ensure the biocompatibility of the IMD and to reduce induced
currents and power absorbed by the human body, systems were generally
embedded inside dielectric substrates [64].

In view of the above considerations regarding implantable antenna design, in this
chapter I present a broadband PIFA for wireless biotelemetry applications. This
study attempted to achieve the following:

e A suitably miniaturized design to improve versatility and applicability of
the antenna.

e A structure capable of integrating an IMD into the internal cavity of the
antenna.

e An operating bandwidth of at least 70 MHz to offset detuning effects caused
by the heterogeneity of tissues at various locations within the human body.

The device proposed, which operates in the MedRadio 401-406 MHz frequency
band [106], was based on multilayer LTCC technology, thereby guaranteeing a
biocompatible substrate for the device [156] and the integration of other
electronic components [185].

6.2. Materials and Methods

6.2.1. Antenna Design

The proposed antenna geometry (Figure 95 (a)) comprises four stacked layers of
LTCC dielectric substrate with & = 6.7 and o = 0.0026 S/m and two embedded
radiators. The main radiator, which is a folded square inverted-F structure that
followed the perimeter of the antenna module (Figure 95 (b)), is located between
the first and second layer and between the second and third layer of the LTCC
substrate. The secondary radiator consisted of a meander inverted-F structure;
this radiator was located between the third and fourth layer. The two radiators
shared a common ground plane, but only the main radiator was fed the incoming
signal at the feed point identified in Figure 95 (b) and Figure 95 (c) and generated
the first resonance peak. Due to electromagnetic coupling, part of the energy was
transferred to the secondary radiator, and it created a second radiation peak.
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Figure 95. Geometry of the proposed antenna: (a) 3D view, (b) top view of each
metallic layer, and (c) side view. The main radiator was located in the second and
third layers, with two turns separated by 0.2 mm. The secondary radiator, a meander
inverted-F structure, was located in the fourth layer. The light yellow area in (a), (b)
bottom, and (c) shows an example location for embedding circuitry.

The combination of the two resonance peaks resulted in bandwidth broadening.
The antenna design was optimized to operate at 403 MHz when being implanted
inside muscle tissue (er = 57.1 and 6 = 0.797 S/m) [40]. The antenna has a volume
of 448 mm?3, with a width of 14 mm, length of 16 mm, and thickness of 2 mm.
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6.2.2. Methodology

Simulation results obtained in this study were based on electromagnetic modeling
using the FDTD method, as detailed in Subsection 2.4.1. The commercially
available electromagnetic simulator Sim4Life from Zurich MedTech AG [170] was
used.

The antenna was centered with the rectangular section and implanted within the
phantom at a depth of 15 mm from the edge as shown in Figure 96 (a). The
antenna geometry, with the main radiator placed at the periphery, provided a wide
internal space for future embedding of electronic circuits (light yellow area in
Figure 95 (a), (b) [bottom], and (c)). Such electronic elements could lead to
unexpected detuning due to electromagnetic coupling interaction. The electronic
elements were approximated as a metallic box embedded in the prototype as a
first approach to quantify their influence on the antenna performance. Metallic box
volumes ranging from 0.5 x 0.5 x 0.5 mm3 to 10 x 10 x 0.8 mm3 and located at
different positions were evaluated.

In order to validate the design, the antenna was manufactured and measured when
being implanted within a phantom at a depth of 15 mm from the edge. The
phantom contained de-ionized water, salt, sugar, and hydroxyethyl cellulose as
indicated in FCC guidelines for human exposure to radiofrequency electromagnetic
fields [243]. Dielectric properties measurements (& = 57.2, ¢ = 0.8 S/m) were
performed with the Agilent 85070E open-ended coaxial dielectric probe kit and
the HP8720C network analyzer. In order to avoid external interferences and
multipath reflections, the experimental setup was placed inside an anechoic
chamber. In order to facilitate the soldering of the connector, the antenna was fed
by a standard SMA connector through a coplanar wave guide launcher, as
illustrated in Figure 96 (a). Experimental measurements of the reflection
coefficient were also carried out with the setup shown in Figure 96 (b).

Electromagnetic simulations were employed to evaluate the proposed antenna
design when being implanted at a depth of 15 mm in the arm, chest, and head of a
whole-body male anatomical model to assess the detuning of antenna response
caused by different body locations [111] at the same depth. The model was
extracted from the Virtual Family dataset [192], which is based on high-resolution
magnetic resonance images of healthy male volunteers. All tissues and organs were
reconstructed as unstructured 3D-triangulated surface objects, thereby yielding
high-precision images of individual body features. Antenna reflection coefficient,
SAR distribution, radiation pattern and the transmission channel between the
implanted antenna and an external dipole were evaluated. The quality of the
transmission channel was assessed by the power received by the external dipole
when being positioned at varying distances from the implanted antenna. An
isotropic antenna was used to measure the received power. The effective area of

128



Chapter 6

the dipole was used to compare the measured electric field with the simulated
received power. The far-field radiation pattern and peak gain were computed
using simulations with the antenna implanted inside the homogeneous phantom
block surrounded by free-space. Measurements of the radiation pattern were also
carried out using the received power of the isotropic antenna in steps of 15
degrees. Normalization of both simulated and measured radiation patterns were
performed for comparison purposes.

(a) (b)

Figure 96. (a) Muscle tissue cuboid phantom used in simulations, (b) manufactured
prototype in LTCC fed by a standard SMA connector through a coplanar wave guide
launcher and (c) muscle tissue cuboid phantom used in the measurement setup.

6.3. Results

6.3.1. Reflection Coefficient

Figure 97 shows the simulated and measured reflection coefficients of the antenna
implanted on muscle tissue cuboid phantom at 15 mm from the edge, as shown in
Figure 96 (b). Two resonance peaks were combined, generating a -10 dB
bandwidth of 103 MHz (358 - 461 MHz) for the simulation and 92 MHz (352 - 444
MHz) for the measurement. S11 at 403 MHz was -11.5 dB and -16 dB for
simulation and measurement, respectively. Minor detuning to lower frequencies
and bandwidth narrowing were observed in experimental results.

Figure 98 shows the simulated antenna reflection coefficient with the antenna
implanted in the muscle tissue cuboid phantom considering four different antenna
locations and sizes for the internal metallic box. Differences in antenna detuning
were observed with respect to the reference antenna without the internal metallic
box (trace (a) in Figure 98). For a box with dimensions 5 mm x 5 mm x 0.5 mm and
located 7 mm from to the feed point (trace (b)), the —-10 dB bandwidth was 92 MHz
(354.8 - 446.8 MHz). For a box with dimensions 10 mm x 10 mm x 0.5 mm and
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located 4.5 mm from to the feed point (trace (c)), the -10 dB bandwidth was 87
MHz (354.9 - 442.8 MHz). When the thickness of the box increased from 0.5 mm to
0.8 mm (i.e., the embedded box was at 0.2 mm from the main radiator), a strong
narrowing in the bandwidth was observed. For a box with dimensions 10 x 10 x
0.8 mm (trace (d)), the -10 dB bandwidth was 67 MHz (345 - 412 MHz). Proximity
of the metallic box to the feed point increased impedance mismatching. For a box
with dimensions 10 mm x 10 mm x 0.5 mm and located 1 mm from to the feed
point (trace (e)), a mismatch of S11 > -10 dB was observed between 373.7 and
403.6 MHz, generating a -10 dB bandwidth of 22.3 MHz (351.4 - 373.7 MHz) and
46.2 MHz (403.6 - 449.8 MHz).

Simulated reflection coefficients of the antenna, without embedded metallic boxes,
when being implanted in the muscle tissue cuboid phantom and in the arm, chest,
and head of the whole-body model are shown in Figure 99. A shift of the resonance
peak at 370 MHz of the antenna implanted into the muscle tissue cuboid phantom
towards higher frequencies was observed for the antenna implanted into the
anatomical body. The second resonance peak at 435 MHz for the antenna
implanted into the muscle tissue cuboid phantom shifted to higher frequency when
the antenna was implanted in the arm and chest and did not change significantly
for the antenna implanted in the head. A combination of the two resonance peaks
produced a -10 dB bandwidth of 93 MHz (371.1 - 464.5 MHz) with a S11 of -16.1
dB at 403 MHz for the antenna implanted into the head, while the -10 dB
bandwidth showed two sections 379.5 - 408.6 MHz and 436.7 - 492.3 MHz for the
antenna implanted into the arm, and 375.9 - 407.8 MHz and 424.6 - 481.39 MHz
for the antenna implanted into the chest.
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Figure 97. S11 of the simulated and measured antenna implanted in the muscle tissue
cuboid phantom.
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Figure 98. Simulated reflection coefficient of the antenna implanted in the muscle
tissue cuboid phantom (a) without and (b)-(d) with embedded metallic boxes of
varying size. The boxes’ dimensions were (b) 5 x 5 x 0.5 mm, (c) 10 x 10 x 0.5 mm, (d)
10 x 10 x 0.8 mm, and (e) 10 x 10 x 0.5 mm.
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Figure 99. Simulated reflection coefficient of the antenna implanted inside the muscle
tissue cuboid phantom and into the arm, chest and head of the anatomical male body

model [192].

6.3.2. Specific Absorption Rate

The 3D near-field distributions were calculated, and numerical analysis of the SAR
was performed at 403 MHz. The antenna, which was numerically analyzed without
an embedded metallic box, was tested in a muscle tissue cuboid phantom and in
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the head, chest and arm of the male anatomical model as shown in Figure 99. For
comparison with previous studies, antenna input power was set to 1 W. The 1-g
and 10-g averaged peak SAR results are shown in Table 37.

In order to meet basic SAR restrictions for general public exposure (i.e., IEEE
€95.1-1999 [1-g averaged SAR < 1.6 W/kg] and IEEE C95.1-2005 [10-g averaged
SAR < 2 W/kg] [43]), power delivered by the antenna had to be modified. If the
highest SAR value obtained in the analysis (Table 37, in the arm) was considered,
the delivered power had to decrease to 3.7 mW in order to satisfy the most
restrictive SAR regulation (i.e.,, SAR < 1.6 W/kg).

Table 37. Specific absorption rate (SAR) results.

1-g averaged 10-g averaged
Max. power Max. power
Antenna SAR.(W/ ke) (mW) to meet 1-g SAR-(W/ ke) (mW) to meet
, 1W input 1W input
location averaged SAR 10-g averaged
power Lo power 2
restriction SAR restriction
Muscle
tissue 380.9 4.2 90.0 22.2
cuboid
Arm 435.9 3.7 93.9 21.3
Chest 398.3 4.0 915 21.8
Head 323.6 4.9 89.0 22.5

Maximum power calculations based on SAR basic restrictions for general public exposure: IEEE €C95.1-1999
(1-g averaged SAR < 1.6 W/kg) and IEEE C95.1-2005 (10-g averaged SAR < 2 W/kg). The setup and locations
are presented in Figure 99.

6.3.3. Transmission Channel

The transmission channel between the proposed antenna and a half-wavelength
dipole was evaluated in terms of received power. The proposed antenna was
located at 15 mm from the edge of the muscle tissue cuboid phantom and into
various locations within the anatomical model. The same study cases as in Figure
99 were considered. The simulated half-wavelength dipole antenna was positioned
at distances ranging from 1 cm to 100 cm from the phantom-air and skin-air
interfaces. In the experimental measurements, the isotropic antenna was
positioned at distances ranging from 10 cm to 100 cm from the phantom-air
interface as shown in Figure 100. On the basis of SAR results and limitations (Table
37), the transmitting antenna was assumed to have an input power of 3.7 mW (i.e,,
the most restrictive case). Power received at the external half-wavelength dipole
was obtained by the transmission coefficient, determined by the relation between
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available power at the transmitter implanted antenna and received power at the
50 (1 load that terminated the receiver antenna [128].

Results from the muscle tissue cuboid phantom and the anatomical model are
illustrated in Figure 101. Received power showed a variability of +4 dB when the
half-wavelength dipole antenna was at 20 cm from phantom-air and skin-air
interfaces for the various implanted antenna locations. Maximum deviations up to
+5 dB were observed when the half-wavelength dipole antenna was at 100 cm
from phantom-air and skin-air interfaces. The largest received power was
observed when the antenna was implanted into the arm; the lowest received
power was found when the antenna was located in the chest.

Figure 100. Experimental setup to measure the received electric field by the external
isotropic antenna.
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Figure 101. Power received by the external dipole as a function of distance d for the
same cases as in Figure 99. Measured results of the antenna implanted in the muscle
tissue cuboid phantom are also represented.
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6.3.4. Radiation Pattern

Figure 102 shows the simulated and measured normalized antenna radiation
patterns when being implanted in the muscle tissue cuboid phantom at 15 mm
from the phantom edge for the xz-plane. The normalized received power of the
isotropic external antenna in steps of 15 degrees along the xz-plane was used to
perform the measured radiation pattern. The axes are detailed in Figure 95.

Table 38 shows the main parameters for the simulated and measured radiation
patterns.

Table 38. Main radiation pattern parameters.

Parameter Simulation Measurements
Step degree 1.66° 15°

Maximum direction  85° 45°

3 dB beamwidth 147° 120°
Front-to-back ratio 3.6dB 1.3dB
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Figure 102. Simulated and measured normalized antenna radiation pattern (dBi) for
the xz-plane with the antenna implanted in the muscle tissue cuboid phantom.

6.4. Discussion

This study aimed to design a miniaturized antenna for an IMD and to evaluate its
feasibility. The proposed design employed LTCC technology with four stacked
layers and two embedded radiators. Only the main radiators were fed the
incoming power signal, and energy was coupled to the second radiator. Each
independent radiator generated a resonance peak. Coupling between the two
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radiators produced a combination of the two resonances and subsequent
bandwidth enlargement. Simulated and measured models achieved bandwidths of
103 MHz and 93 MHz respectively. A bandwidth greater than 70MHz was achieved
in both cases, fulfilling the requirements considered in previous studies [111].

The main radiator of the proposed antenna was specifically placed at the periphery
of the device to allow integration of IMD electronic circuits inside the core of the
antenna. The main influence of the embedded box on the antenna return loss was a
slight frequency shift to lower frequencies and bandwidth narrowing. Embedded
box sizes up to 10 x 10 x 0.5 mm rendered a suitable performance at the MedRadio
band, with a =10 dB bandwidth reduction of 15% with respect to the design
without the box. Increasing box height to 0.8mm produced a reduction in antenna
bandwidth of 34.9%. When the box was located at a distance of Imm or less from
the antenna feed point, unacceptable antenna mismatching was generated in the
frequency of interest.

When the antenna was implanted in various locations on the human body, a shift
to higher frequencies was observed for the first resonance peak. When it was
implanted in the arm and chest, the second resonance peak shifted to higher
frequencies and the combination of the two resonances peaks was compromised.
When implanted in the head, the second resonance peak did not shift to higher
frequencies and combined with the first resonance peak, generating an improved
matching at the frequency of interest.

SAR analysis was performed at 403 MHz for the muscle tissue cuboid phantom and
implanted in the arm, in the head and in the chest of the male anatomical model.
The antenna implanted in the arm generated the highest SAR for the cases of 1-g
averaged SAR and 10-g averaged SAR. Based on SAR basic restrictions for general
public exposure, the maximum delivered power of the antenna was found to be
3.7mW.

A half-wavelength dipole antenna was placed at various distances from the
antenna implanted into the muscle tissue cuboid phantom and at various locations
within the anatomical model. When the half-wavelength dipole was located at 1 cm
from the phantom-air or skin-air interface, the power received at the dipole was
similar for all antenna locations. For dipole to phantom-air or skin-air interface
distances between 10 cm and 30 cm, the antennas implanted in the head and arm
generated similar power, and the values were around 4 dB more than the antenna
implanted in the tissue phantom and around 10 dB more than the antenna
implanted in the chest. For distances greater than 40 cm, the antenna implanted
into the arm generated the highest power in the receiver half-wavelength antenna.
The antenna implanted in the chest generated the lowest power in the receiver
dipole for all the distances evaluated. Depending on the antenna location, the
surrounding tissues presented distinct dielectric properties and geometries,
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leading to unique radiation patterns for each location. The amount of lossy media
surrounding the antenna and the reflections caused by tissue interfaces directly
impacted the transmission channel quality. The measured results for the antenna
implanted in the muscle tissue cuboid phantom show a reduction of the simulated
received power of around 8 dB and 1 dB at distances of 10 cm and 100 cm from the
source respectively. The conversion from an isotropic antenna to a half-
wavelength dipole through the effective area is not totally accurate for regions
close to the near-field, while for larger distances the results converge. Another
issue related to the measurements is the influence of the coaxial cable of the
measurement setup in electrically small and implantable antennas, as reported in
[49], [152].

A simulated peak gain of -32 dB was achieved when the antenna was implanted in
the muscle tissue cuboid phantom surrounded by the free-space. The radiation
pattern for both simulations and measurements (Figure 102) shows a directional
performance in the positive z-axis, where the amount of lossy tissue for the
microwaves to cross is lower and, therefore, the attenuation is also reduced. The
measured maximum level of the normalized radiation pattern shifts 40° from the
simulated results. A 27° reduction in the 3 dB beamwidth and a 2.3 dB drop in the
front-to-back ratio are also observed in the measurements.

Features of other implantable antennas reported in the literature are shown in
Table 39. It can be seen that the antenna presented in this paper achieved the
required performance in terms of bandwidth, miniaturization, and gain. The
results for received power in this study were in agreement with simulated
communication links reported in previous designs of compact implantable
antennas. Received power of the antenna presented by Kiourti et al. [72] was
-56.2 dBm at a distance of 20 cm from the head, while the antenna presented in
this study achieved -45.7 dBm. In addition, the received power obtained showed
the influence of miniaturization on the transmission channel. Kim et al. [64]
evaluated the communication link between a large antenna (40 mm x 32 mm x
8 mm) implanted in the human chest and an external half-wavelength dipole.
When the half-wavelength dipole was located at 30 cm from the phantom-air or
skin-air interface, maximum available power was -30 dBm. In the design proposed
in our study (16 x 14 x 2 mm), available powers ranged from -50 dBm to -56 dBm
for the same phantom-air or skin-air to half-wavelength dipole distance. This
variation between prototypes was primarily due to the drastic reduction (95.6%)
In antenna size.

Computational and experimental approaches were used in the design and
characterization of the miniaturized antenna for an IMD. The strengths of the
proposed design to resolve shortcomings of current state-of-the-art in implantable
antennas include a balanced performance between a miniaturized design with
general volume of 14 x 16 x 2 mm?3, integration of electronic circuits of the IMD
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with volume up to 10 x 10 x 0.5 mm3, and an enlarged bandwidth up to 103 MHz in
order to consider the dielectric properties and geometry disparity of the antenna
implanted within various body locations. Satisfactory agreement was found
between simulations and measurements of the fabricated antenna implanted into a
liquid with dielectric properties of muscle tissue cuboid phantom. Maximum
antenna input power was evaluated considering SAR restrictions for 1-g averaged
SAR and 10-g averaged SAR for the three body antenna locations. The transmission
channel between the proposed antenna and a half-wavelength dipole showed the
applicability of the antenna up to distances of 1 m, while the receptor was capable
of operating with a power of =60 to -70 dBm depending on where the antenna was
implanted.

This study focused on the simulated performance of the proposed antenna at three
body locations and in a muscle tissue cuboid phantom at depths of 15 mm from the
phantom-air and skin-air interfaces. Reflection coefficient, transmission channel
and radiation pattern were measured for validation purposes in the muscle tissue
cuboid phantom. Further evaluation of the antenna implanted at different body
locations and variable depths, and the acquisition of communication link
measurements at other distances, are now warranted. In this study, the impact of
adjacent electronic circuitry on antenna performance was evaluated considering a
metallic box as a first approach. Future studies for specific applications should
investigate the impact of specific electronic components on the antenna
performance. This study considered the antenna implanted in the adult male;
further studies will evaluate the implementation of the antenna in adult females
and children.

Table 39. Comparison of implantable antenna performances found in literature.

Reported design -10dBBW Max Gain Designed for
techniques/ Volume (mm?3) (MHz) (dB) embedded
approaches circuit
Kim et al. [53] 10240 13 N/A No

Kim et al. [64] 6144 32 N/A No

Lee etal. [68] 335.8 50 -26 No

Lee et al. [82] 791 120 -27 No

Liu etal. [79] 121.6 122 -38 No

Liu etal. [71] 190 50 -26 No

Kiourti et al. [223] 1063.1 27 -30 No
Permana etal. [157] 254 10 -36.5 No
Proposed 448 103 -32 Yes
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6.5. Conclusions

The design of a novel compact implantable broadband PIFA for wireless
biotelemetry applications is presented in this chapter. The antenna was designed
to operate in the MedRadio 401-406 MHz frequency band. Coupling between two
radiators was used to enlarge the bandwidth. The design also took into account the
embedding of electronic components.

The modeling analysis was based on electromagnetic calculations using the FDTD
method, and the LTCC multilayer technology was used. The proposed antenna was
first modeled inside fluid that mimics muscle tissue. Then, in order to test its
performance in a more realistic scenario, it was simulated when being implanted
into the arm, head, and chest of a high-resolution whole-body anatomical model of
an adult human male.

The SAR and impedance mismatch of the antenna inside the human body were
analysed, as well as the desirable bandwidth enhancement and initial tuning.
Possible detuning due to the influence of an embedded electronic circuit in the
prototype was also assessed. Simulated results showed a suitable operational
behavior of the antenna in most of the scenarios studied. Compared to other
antennas available in the literature, the presented antenna shows a satisfactory
performance in terms of miniaturization, bandwidth and gain, and is designed for
embedded circuits.

Finally, the antenna was manufactured and the reflection coefficient, transmission
level and radiation pattern were measured. Simulated and measured results
showed satisfactory agreement.
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7. Design and Characterization of a
miniaturized implantable UHF
RFID Tag

7.1. Introduction

As seen in Chapter 1, the constant increase in hospital costs due to population
aging has become a matter for concern of the scientific community and the
industry in recent years. The development of new wireless communication
systems for patient healthcare monitoring and the improvement of hospital
resources management has become one of the main areas of research in order to
address this issue [237], [244]. In this scenario, RFID-based systems represent a
promising solution for the tracking of patients in hospitals and other
environments, mainly due to their simplicity, reduced cost and increased safety
[20], [21], [23]. In addition, the integration of sensing modules to the RFID antenna
[91] and the appearance of new RFID chips with sensing capabilities [22], allows
remote control of patients’ physiological functions.

After its applications in the logistics sector and the textile industry, the health
sector is considered the new target market of the RFID technology [23]. Actually, in
the last decade, RFID systems have been gradually introduced for use in asset
tracking and storage, blood management (including temperature monitoring) or
pharmaceutical anti-counterfeiting, among other purposes [21]. However,
approximately 26% of the RFID applications for healthcare are developed for
people tracking [21] - most of them based on bracelets with inductive coupling
and powered by a battery [245]. In-body RFID antennas can also be found in the
literature [246], [247].

In this chapter a passive implantable UHF RFID tag for patient monitoring is
presented. One of the advantages of in-body devices is that they are less likely to
be lost than on-body devices such as bracelets. Furthermore, the use of RF
antennas instead of inductive links increases the range of the tag to be detected.
Finally, a battery-free tag allows a greater level of miniaturization and a reduction
of the RF power deposited inside the tissue, which is critical in in-body scenarios.
The proposed RFID tag is based on LTCC technology, which has promising features
for IMD, as already mentioned in Subsection 2.3.7.

The strategy followed for the design of the RFID tag antenna comprises two parts:

¢ The development of a spiral PIFA to decrease the volume.
¢ The addition of an inductance to match the impedances between the
radiator and the Integrated Circuit (IC).
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The RFID tag was designed for the Alien Higgs4 IC [248]. The antenna was
designed to operate at UHF band (868 MHz) instead of LF or HF bands, in order to
miniaturize the device and enhance the tag range. The UHF band also enlarges the
operating bandwidth, improving the privacy and security protocols for the
communications, an important issue in healthcare applications [247]. In addition,
as noted in Subsection 2.3.3, when wireless devices are implanted in the body, they
require an enlargement of the bandwidth in order to mitigate the frequency
detuning caused by the heterogeneity and the variability of the size and the
electrical parameters of the surrounding biological tissues.

Therefore, the main goals of this chapter are:

e To propose a design strategy for in-body UHF RFID tags with a high
bandwidth and a small volume.

* To design and characterize a passive in-body UHF RFID tag.

* To measure the main features of the manufactured prototype in order to
validate the simulated results.

* To test the feasibility of developing in-body UHF RFID tags with LTCC
technology.

e To present a preliminary assessment of a RFID tag with temperature
monitoring.

7.2. Materials and Methods

7.2.1. Antenna Design

The antenna is designed around two different structures, as presented in the
Figure 103. Firstly, the miniaturization was accomplished by designing the
radiator as a spiral PIFA. Secondly, to compensate for the capacitive behavior of
the IC, an inductive line was used to match the impedance. The dimensions and
location of the inductive line (L line) were tuned for operation in the desired
frequency range and to avoid coupling with the PIFA. Finally, two pairs of vias
separated by a short distance were set up to obtain a second-order equivalent
resonant circuit, considerably enlarging the bandwidth.

The ceramic substrate based on LTCC presents a dielectric parameters of - = 7.5
and tan § = 0.0008 at 866 MHz. The Alien Higgs4 IC was placed in a cavity
performed in the bottom layer, below the groundplane of the PIFA. The IC cavity
was then sealed to prevent the contact with the biological tissues. The dimensions
of the final prototypes were 8 x 7 x 2 mm?3.
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Figure 103. 3D (a) and cross-section (b) of the RFID tag with the Alien Higgs4 IC.

7.2.2. Methodology

Electromagnetic simulations were performed using ADS [172], CST Microwave
Studio [171] and Sim4Life [170] software packages. ADS was used at the initial
design stage as it is a faster solver for multilayer structures. CST and Sim4Life were
chosen for validation purposes in a biological environment. In Section 2.4 the
computational tools for EM simulation are described.

Figure 104 shows two prototypes fabricated by the company Francisco Albero
SAU (FAE) [102]. The manufacture of these antennas was carried out using
multilayer LTCC technology. Several layers of green ceramic already casted in the
installations of FAE were stacked and laminated to form a 3D structure of low
temperature sintering. Prior to the stacking, metallizations were defined by screen
printing of a silver paste. The vertical connections between metal layers for the
electrical feedthroughs were brought about by 300 and 200 pum punched via, which
were filled with a viscous silver paste. The cavities were punched and then filled by
an organic sacrificial paste, which were then burned in early stages of the sintering
process to prevent its deformation during the lamination process. The sintering
process was made in a furnace where the temperature was increasing slowly (2
°C/min) to burn the organics before the ceramic sintering. Then, the temperature
was hold during 2 hours at 870 °C. For the used free-sintering process, none
direction was constrained during the firing and sintering process. Thus, the
substrate suffered from shrinkage, that in the case of the LTCC material selected in
this work was 14 % in both, X and Y direction (horizontal plane). In Subsection
5.2.1 a detailed explanation of each of the stages involved in the manufacturing
process is presented.
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The SMA connector shown attached in Figure 104 (a) allows measurement of the
reflection coefficient normalized to a coaxial cable; while in Figure 104 (b), the IC
is located in the substrate cavity to check the tag range. The commercial Alien ALR-
9900+ [249] was used for communication link characterization. The
measurements were set up as illustrated in Figure 105. The RFID tag was
implanted in the center of a 100 mm cubic skin phantom (&= 41.6 and tan = 0.43)
to mimic the biological tissues surrounding the antenna. The phantom liquid was a
solution of sugar, salt and deionized water, as reported in Chapter 5.

The maximum communication distance between the implanted RFID and the
external reader is determined in the far-field region by the Friis formula [246],
[250], as shown in Equation 20,

A
Pr = EIRP - Gg (=) (1 — |pgl?) (20)

where EIRP is the equivalent isotropic radiated power, Gr is the gain of the receiver
(the antenna tag), A is the wavelength in the free-space, d is the distance between
the transmitter and the receiver (the tag range) and pr is the reflection coefficient
of the receiver.

@ @

~ coaxial cable
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RFID tag

Figure 105. Set-up for reflection coefficient measurement.
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7.3. Results

In the Figure 106 the measured and simulated reflection coefficients are
represented. In Figure 106 (a) the reflection coefficients are normalized to the 50
() coaxial cable, whereas in Figure 106 (b) they are normalized to the conjugated IC
impedance (see Table 40). A 6 dB bandwidth of 39 MHz was achieved in
simulations; while in the measurements, the 6 dB bandwidth was 84 MHz.

To calculate the tag range, the received power is fixed to the chip power threshold
sensitivity (-18 dBm), the EIRP transmitted by the external reader is 4 W and the
antenna tag gain is set to -44 dBi, according to the simulations. The tag range,
calculated with the Friis formula (Equation 20), is plotted in Figure 107 as a
function of frequency.

A maximum tag range of 10 cm was achieved in the experimental results with the
Alien’s external reader. A summary of the main tag features is presented in Table
40.

Table 40. Parameters of the UHF RFID tag.

RFID Conjugated IC Sim. Meas. Sim. Sim. Meas.
tag IC impedance 6dBBW 6dBBW Gain Range Range
Alien

. 20.45+j190.8 Q 39 MHz 84 MHz -44 dBi 9 cm 10 cm
H1g_gs4

« conjugated IC impedance
— simulated 511
- = measured 511

— sm

Reflection coefficient (dB)

1 - meas
_15 T T T T T T | T

200 82IEI EMI-EI Sbltl SBIEI QEIIEI 920 940
Frequency (MHz)

(b)

Figure 106. Reflection coefficient of the Alien Higgs4 RFID tag implanted in the cubic
phantom. The Smith chart normalized to the coaxial cable is represented in (a) while
the reflection coefficient level in dB normalized to the conjugated IC impedance in
presented in (b).
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Figure 107. Tag range of the RFID implanted in the cubic phantom for the simulated
and measured reflection coefficient.

7.4. Discussion

The measured reflection coefficient of the RFID tag inside the phantom was in
agreement with the simulations, as seen in Figure 106. Nevertheless, a difference
of 45 MHz in the 6 dB bandwidth and a slight shift of 1.72% in the central
frequency between simulations and measurements were found. These deviations
are mainly due to variations between simulated and real parameters, inaccuracies
in the manufactured prototypes, unwanted effects of the measurement setup (see
Chapter 5) and the addition of the sealing material, which was not considered in
simulations. However, both results exhibit enough bandwidth to operate in the
European UHF-RFID band and to mitigate the frequency detuning caused by the
variability of the surrounding biological tissues.

When analyzing the Smith chart of the reflection coefficient normalized to the 50 Q
coaxial cable shown in Figure 106 (a) we can observe the capacitive behavior of
the Alien Higgs4 IC. The small loop around the conjugated IC impedance is
achieved thanks to the addition of the L line in the antenna, resulting in a second
order resonant circuit that broadens the operating bandwidth. The measured
reflection coefficient presents ohmic losses mainly due to the effect of the coaxial
cable, the connectors and the currents on the phantom liquid. Moreover, the small
loop in the measurements does not exactly encircle the prototype, showing a slight
impedance mismatching.

The measured maximum tag range of 10 cm achieved in the experimental results
was consistent with the levels calculated in the Figure 107, where the maximum
tag range is almost 9 cm. This short distance is basically due to the small volume of
the tag antenna, which leads to a decreased gain. Further research is now needed
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to improve the efficiency, the operational bandwidth and the tag range of the
antenna using optimization methods.

The present study focused on the Alien Higgs4 IC, which offers basic data for the
tracking of patients and resources. However, new RFID ICs with sensing
capabilities are already available on the market, such as the AMS SL900A IC [22].
Our current laboratory research is centered on the addition of physiological data in
our designed RFID tags. To this end, preliminary LTCC-based prototypes with
temperature monitoring have already been developed using the AMS SL900A IC.

7.5. Conclusions

In this chapter I have presented the design of a new implantable UHF-RFID tag
based on multilayer LTCC technology for the remote monitoring of patients. The
antenna tags were performed using a square spiral PIFA and an inductor line for
impedance matching. The integration of the RFID IC in the antenna tag was
considered, as well as the miniaturization of the antenna.

First, simulations were carried out to assess the impedance matching, the
reflection coefficient, the gain and the operational range of the antenna. Then, the
characterization of manufactured prototypes was performed when implanted
inside a 10 mm cubic skin phantom. Results showed a satisfactory agreement
between simulations and measurements, indicating a promising behavior of the
tag for operating at the UHF-RFID band and for compensating the detuning effects
of the biological tissues.

New RFID ICs with sensing capabilities are currently in development for the design
of novel RFID tags with monitoring features, such as temperature.
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8. Design and Characterization of a
Phased Antenna Array for Intact
Breast Hyperthermia

8.1. Introduction

This chapter presents the work developed in collaboration with the Biomedical
Computing and Devices Laboratory group from the Kansas State University (KSU),
in the US. The EM computational tools and the experimental setup used are
adapted according to the KSU facilities. Unlike previous chapters, the research is
not related to a biotelemetry application for in-body devices. The present study
consists in the design and the ex-vivo validation of an on-body microwave
applicator based on a phased antenna array for the treatment of breast cancer
through hyperthermia. Although the applications differ according to scenario, the
theoretical background between in-body and on-body propagation and between
wireless biotelemetry and microwave hyperthermia is similar, as they both deal
with the interaction of the RF fields with the biological tissues (see Chapter 2).

Breast cancer is the most frequent cancer among women; in 2013, it accounted for
29% of all new female cancer diagnoses in the United States [251]. Early detection
is crucial in the control of the disease [252]; if the tumor is detected when it is still
entirely localized within the breast, complete excision through mastectomy or
lumpectomy may be curative [253]. Lumpectomy (or breast-conserving surgery) is
a standard alternative to mastectomy (or total removal of a breast) for some
patients with tumors of size of 4 cm or less [254], [255]. On many occasions,
lumpectomy or mastectomy is preceded or followed by radiotherapy and/or
chemotherapy [254]. Clinical microwave hyperthermia, moderate heating in the
range of 39-44 °C for 30-90 min, has been shown clinically to be a potential
adjuvant to radiotherapy and/or chemotherapy for various cancers [30]-[34].
Specifically, for superficial breast cancer and chest wall recurrence, clinical trials
combining radiotherapy and hyperthermia have recorded significant
improvements in complete response [256], [257]. Hyperthermia is also under
investigation for thermally triggered release of cancer therapeutic agents in
various targets, including the breast [258], in order to enhance the immune
response [259], and combined with nanoparticles [37].

While a large proportion of tumors arise in the upper outer quadrant of the breast
[260], [261], breast carcinomas can develop in any location [262]. Clinical
hyperthermia applicators should have the ability to steer energy deposition to
targets of varying size and shape which may be found at diverse locations within
the breast. Commercially available clinical applicators for hyperthermia treatment
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of superficial chest wall disease mostly employ waveguides [263]. These systems
are relatively easy to use, but they are large and bulky, resulting in patient
discomfort and limiting power steering. Focused ultrasound (FUS) applicators
have been developed for hyperthermia and thermal ablation of deep-seated breast
targets [264]. An advantage of FUS Systems is that the small acoustic wavelength
(~mm) allows precise focusing of energy delivery to targets. Microwave
applicators [265] offer the advantage of heating broader volumes without
requiring complex control strategies, as is necessary with FUS.

Although single antenna applicators offer the advantage of simplified practical
implementation and treatment delivery, their spatial control of energy deposition
patterns is limited. Systems incorporating multiple antennas facilitate electronic
steering of power deposition within the breast. The focusing may be achieved
through simultaneous operation of multiple antenna applicators as a phased array
[265]-[269], or by sequentially activating individual antennas [270]. They can be
broadly classified into narrowband systems (i.e., operating at a fixed frequency)
[271]-[276] or ultra-wideband systems [206], [277]-[279]. When operated as a
phased array, the amplitude and relative phase of the signal supplied to each
antenna can be adjusted to yield constructive interference in a desired region
(target), and destructive interference elsewhere (non-target tissues).

The objective of the study presented in this chapter was to design and characterize
the technical efficacy of a 915 MHz phased array applicator comprised multiple
patch antennas and a shared groundplane, in order to develop a comfortable and
wearable hyperthermia system and to deliver hyperthermia to tumors in varying
breast locations. The patch antenna presented in [181] is proposed as the unitary
element for this phased array system. To account for the diversity in breast
dimensions, two 3D-hemispherical breast models with diameters of 90 mm and
150 mm were considered. We evaluated cuboid target tumors with maximum edge
lengths of 10 mm (1 cm?3) and 30 mm (27 cm3), as representative of small and large
targets respectively. We investigated tumor targets centered at the midline of the
breast, near the chest wall, and laterally positioned. Applicator designs were
comparatively assessed by evaluating power deposited in a targeted area
normalized to the total power deposited in the full breast. To validate our
simulation approach, a proof-of-concept multi-antenna applicator was fabricated,
and induced transient temperature profiles were measured in tissue phantoms of
ex-vivo chicken breast.

To sum up, the main goals of the study presented in this chapter are:

* To design an on-body microwave applicator based on an antenna array
operating at 915 MHz for breast cancer treatment through hyperthermia.
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* To evaluate the feasibility of the applicator in different scenarios by
modifying the dimension of the breast or the tumor and the location of the
tumor.

* To analyze the effect of the angular spacing between antennas and the
number of antennas in the array.

* To assess the implementation of a focusing algorithm that modifies the
antenna phases.

* To experimentally validate the design by measuring the phantom
temperature increase in a manufactured prototype.

8.2. Materials and Methods

8.2.1. Numerical Breast Phantom

Optimal configuration of a microwave hyperthermia breast applicator is a function
of biophysical (perfusion and dielectric parameters) and dimensional (breast size
and composition, and tumor location) parameters that may vary considerably
amongst individual patients. Thus, practical systems must trade-off the optimal
treatment of selected patient populations with the ability to adequately treat a
wide variety of patients. To account for diversity in breast dimensions, two
numerical breast phantoms have been evaluated. The phantoms are hemispheric
models of outer diameter 90 mm (small breast model) and 150 mm (large breast
model) and both are made of a 2 mm-thick skin layer encompassing fibroglandular
tissue [181], [280]. The chest wall was modelled as a rectangular layer of 170 mm
edge for the small breast model and 230mm edge for the large breast model of 15
mm-thick fat and 5 mm-thick muscle [181], [281] as shown in Figure 108.
Frequency-dependent dielectric properties for water, skin, fibroglandular, fat and
muscle tissue were implemented in the model, as listed in Table 41.

Cuboid target volumes of 10 mm edge length (1 cm3) and 30 mm edge length (27
cm?3) located in the midline of the breast center and also near the chest wall were
evaluated (see Figure 108). The centrally located tumor targets (Figure 108 (a, c))
were positioned with their center at 22.5 mm and 37.5 mm from the skin in the
case of the small and large breast models, respectively. The tumors located near
the chest wall (Figure 108 (b, d)) were positioned with their center at 15 mm from
the fat layer of the chest wall.
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Figure 108. 2-antenna array applicator with small breast model with target located in
the breast centre (a) and near the chest wall (b) and large breast model with target
located in the breast centre (c) and near the chest wall (d).

Table 41. Tissue Dielectric Properties for 915 MHz.

Tissue Relative Conductivity, Density, p, kg m-1
permittivity, &, o,Sm-1
De-ionized water  79.9 [282] 0.20 [282] 1000 [277]
Skin 46.0 [281] 0.85[281] 1085 [277]
Fibroglandular 41.1 [283] 0.83 [283] 1050 [279]
Fat 5.4 [281] 0.05[281] 1069 [279]
Muscle 54.9 [281] 0.94 [281] 1041 [284]
8.2.2. Antenna Design

Array configurations with 2, 4, 8, 12, 16 and 20 patch antennas operating at 915
MHz were evaluated. All the antennas shared a hemispherical groundplane
concentric to the breast target. The diameter of the hemispherical groundplane
was 147 mm for array configurations for the small breast model and 207 mm for
array configurations for the large breast model, which corresponds to a 25 mm
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patch antenna-breast distance. The 14 mm x 3.9 mm rectangular patch antennas
with groundplane to patch distance of 2.65 mm were designed following the
description of the single antenna presented in [181]. The distance between the
patches and the breast was fixed to 25mm for all the array configurations, since
preliminary investigations showed that this value presented a compromise
between power absorption (PA) as well as wearability and comfort of the
applicator considering that thinner and consequently lighter water boluses will
improve patient comfort [285]. The water bolus formed the cavity enclosed by the
hemispherical groundplane, breast and chest wall. Deionized water, completely
filling the water bolus, was used to improve impedance matching, reduce the size
of the applicator and cool both the antenna and surface of the skin [181].

The antennas were positioned on the applicator circumference along orthogonal
arcs (the x-axis and the y-axis) and located in the diagonal between the x-axis and
y-axis as depicted in Figure 109. Antenna distribution along the orthogonal arcs
was previously proposed by Bahramiabarghouei et al. [286]. All patch antennas
were located at the constant distance defined by the parameter of inter-antenna
angular spacing shown in Figure 108 (c). This parameter was analyzed to obtain
the greatest PA in the desired target without compromising the impedance
matching of individual antennas. A maximum acceptable value of Siu: for each
antenna element (including coupling with other elements) was set to -8.5 dB.
Larger spacing between antennas decreases the ability to focus energy, while the
smaller inter-antenna spacing generates near-field interferences that would
compromise the impedance matching of the system. Smaller inter-antenna angular
spacing allows the implementation of a larger number of antennas with the
potential for good control of steerable power deposition profiles, at the expense of
increased system complexity.

8.2.3. Evaluation of Proposed Designs

The PA was evaluated in the target volumes and in the full breast volume using
Equation 21 [207], [287];

o|E[?
2

PA = [W/m?3] (21)

where o is the effective electrical conductivity of the tissue in S/m and |E]| is the
complex electric field (E-field) vector in V/m. The system performance is
expressed in terms of the average power absorption (aPA) ratio as defined in
Equation 22;

PAtarg

qPA = -terg-volume (22)

PApreast
breast_volume
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Figure 109. 3D view of array configurations with 2 (a), 4 (b), 8 (c), 12 (d), 16 (e) and

20 (f) antennas positioned on the applicator circumference along orthogonal arcs (the
x-axis, the y-axis) and located in the diagonal between the x-axis and y-axis.

where PAy,,, is the power absorbed in the target volume, targ_volume is the

volume of the target, PAp,qqst iS the power absorbed in the entire breast volume,
and breast_volume is the cubic volume that encloses the breast.

8.2.4. Phase Adjustment to Steer Power Deposition Profiles

The objective function described in Wu et al. [273] was employed to determine the
optimal phases of the signal applied to each antenna that results in E-field
maximization at points within the tumor. The total E-field in the tumor center was
defined as superposition of the individual E-field of N antennas, and computed as
in Equation 23;

|E(x, y,2)| = (23)

N
> Uy
n=1

where U, is the E-field produced by the n4 antenna with unit input excitation and
I, is a complex number that represents the amplitude and the phase of the nsu
antenna. A focus is generated when the individual E-field components

constructively interfere at a defined location, and the highest interference is
achieved when the magnitude squared of the total E-field is maximized relative to
the sum of the squared input magnitudes as in Equation 24 [273].
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When the amplitude of the antenna inputs is defined in advance, Equation (24) is a
nonlinear function with the antenna input phases as variables [273]. Then, the
magnitude squared of the total E-field in the tumor region can be obtained as a
nonlinear objective function as shown in Equation 25;
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where 6, and 6, are the arguments of the E-field U, and U, respectively, and ¢,
and ¢m are the phases of the excitations I, and I, respectively. The reference
phase of the N element is set to ¢y= 0°. We first computed the E-field of each
antenna independently and we specified constant magnitude of the excitations
with the electromagnetic simulation. The technique used to solve the optimization
problem was the iterative Nelder-Mead simplex algorithm [288]. Maximizing the
objective function the algorithm generates the phases ¢, that produce a
constructive E-field interference in the tumor region. The termination criterion for
the algorithm was a tolerance of 1x10-8 between iterations.

Electromagnetic simulations were performed using CST Microwave Studio [171]
on a 3.0 GHz PC with 16 GB RAM. Memory requirements and simulation times
ranged from 691MB and ~40 min for the small breast model with the 2-antenna
array configuration to 13 GB and ~8 h for the large breast model with the 20-
antenna array configuration. Phased array computations were performed using
Matlab (R2015).

8.2.5. Experimental Evaluation and Validation

A 4-antenna array configuration with inter-antenna angular spacing of 45° and
hemispherical groundplane was fabricated for experimental evaluation in a small
breast model. The patches and groundplane were implemented with 0.127 mm-
thick copper sheets (McMaster-Carr, Elmhurst, Illinois) and the antennas were fed
with 50 Q SMA female connectors (PE4099, Pasternack Enterprise, Irvine,
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California). Figure 110 (a) shows a photograph of the fabricated applicator
showing the 4-antenna array configuration. The broadband reflection coefficient of
the 4-antennas was measured when loaded with a tissue phantom of ex-vivo
chicken breast. Tissue samples were stored in a refrigerator at a temperature of
~4 °C. Before performing the heating experiments, the sample was enclosed in
sealed bags and heated up to 32 °C in a controlled bath. Just before performing the
experiment, the samples were removed from the plastic bags and positioned in a
3D-printed 1.5 mm-thick PTFE fixture to perform the heating experiments. Figure
110 (b) shows a photograph of the 3D-printed fixture. Fiber-optic temperature
probes (Neoptix RFX- 04-1, Canada) were placed within the ex-vivo chicken breast
phantom as shown Figure 110 (c). Room temperature (20 °C) water was circulated
through the system at a flow rate of 5 ml/s with a peristaltic pump (Cole-Parmer,
7554-90, IL).

o

.

Antenna
elements

Fixture

(d)

Lemp, probes
i remiplaic

Infloow : Dutflow

Tiasee phantom

[nfh:Trl %Y TDutﬁG"'f‘:'.._.
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3 ki Fixiure
Groundplane

Figure 110. Fabricated applicator and experimental setup with a photograph of the
fabricated applicator showing the 4-antenna array configuration (a), a photograph of
the PTFE fixture (b), a photograph of the measurement setup (c) and schematic
representation of the antenna setup measurement detailing the position of the
temperature probes for the fabricated array configuration on the yz-plane (d).
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Figure 111. Setup for experimental assessment of phased array applicator in ex-vivo
tissue phantom.

Experiments were performed with constant input power of 50 W, as measured
with the power meter (7.5 W per antenna), for 10 min. Reflected power on each
antenna was monitored before performing the heating experiments and it was in
all cases below 2 % of the forward power measured by the power meter. One set of
experiments employed equal phase to all antennas (to focus the energy in a target
located 22.5 mm deep, along the midline of the tissue phantom, i.e. the tip of T3 in
Figure 110 (d)), while the second set employed phases identified with the
optimization technique (to focus the energy with an offset 22.5 mm from the
midline of the tissue phantom, i.e. the tip of T1 in Figure 110 (d)).

The microwave hyperthermia system consists of a signal generator, power
amplifier, power monitor, 4-channel power divider, 4 manually controlled phase
shifters and the applicator. Heating experiments in the tissue phantom were
performed with the setup illustrated in Figure 111 to measure the transient
temperature profiles induced by the proposed applicator. Heating experiments
were performed in triplicate. A computational model mimicking the experimental
setup was implemented. This model comprised the tissue fixture and temperature
template with dielectric properties as in Arunachalam et al [289] and ex-vivo
chicken breast phantom (&:=57.75 and 6=1.49 S/m) as in Curto et al. [181].
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8.3. Results

8.3.1. Effect of Angular Spacing between Antennas

Figure 112 illustrates the aPA ratio for a 4-, 8- and 12-antenna array as a function
of the inter-antenna angular spacing for the targets located at the center and close
to the chest wall of the small breast model. The small breast model (90mm
diameter) was selected as an example for illustrating the impact of antenna
element spacing on aPA. The evaluated inter-antenna angular spacing are 20°,
22.5° 45°, 75.5° 90° 112.5° and 135° for the 4-antenna array and 20°, 22.5° and
45° for the 8- and 12-antenna array (these are the largest angular spacing possible
for this hemispherical applicator).
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Figure 112. Average power absorption ratio of the 4-antenna array (a), 8-antenna
array (b) and the 12-antenna array configuration (c) for the 10 mm edge length target
and 30 mm edge length target located at the centre and near the chest wall of the
small breast model for different inter-antenna angular spacing.

8.3.2. Effect of Number of Antennas in the Array
Configuration

Figure 113 illustrates the aPA ratio as a function of number of antennas for the
targets located at the center and close to the chest wall of the small breast model
for configurations with inter-antenna angular spacing of 22.5° Array
configurations of 2, 4, 8, 12, 16 and 20-antennas (with configurations shown in
Figure 109) were evaluated. The specific absorption rate (SAR) cross-sections on
the yz-plane in the small breast model and array configurations of 2, 4, 8, 12, 16
and 20 antennas with constant phase is shown in Figure 114.
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Figure 113. Average power absorbed ratio for the 10 mm edge length target and
30mm edge length target located at the centre and near the chest wall of the small
breast model for different number of antenna configuration (2, 4, 8, 12, 16 and 20)
and inter-antenna angular spacing 22.5°.
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Figure 114. SAR cross-sections on the yz-planes of the small breast model and antenna
array configurations of 2 (a), 4 (b), 8 (c), 12 (d), 16 (e) and 20 (f) antennas with
constant phase. SAR normalized to the maximum value on the system.

8.3.3. Evaluation of a Largest Breast Model

Figure 115 illustrates the aPA ratio as a function of number of antennas for the
targets located at the center and close to the chest wall of the large breast model
for configurations with angular spacing of 22.5°. Array configurations of 2, 4, 8, 12,
16 and 20-antenna as shown in Figure 109 were evaluated.
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Figure 115. Power absorbed ratio for the 10 mm edge length target and 30 mm edge
length target located at the center and near the chest wall of the large breast model for
different number of antenna configuration (2, 4, 8, 12, 16 and 20) and inter-antenna
angular spacing 22.5°.

8.3.4. SAR Distribution of the 4-Antenna Array with
Optimized Phases

The simulated SAR distribution in the yz-plane for the 4-antenna array
configuration with constant phase with the objective of generating a focus in a
centrally located target (indicated with a symbol x in the figure) at the midline of
the breast is shown in Figure 116 (a) and in the simulated experimental setup is
shown in Figure 116 (c). The SAR distribution in the yz-plane with optimized
phases (84.5°, 84.5°, 123°, 0°) with the objective of steering the energy deposition
to a target (indicated with a symbol x in the figure) located in the right lobe of the
breast with and offset of 22.5 mm from the breast midline is shown in Figure 116

(b) and at the same location of the simulated experimental setup is shown in
Figure 116 (d).

8.3.5. Experimental Results

Figure 117 shows the simulated Si1 with the simplified human breast model and
the ex-vivo chicken breast model and experimentally measured S.1 with the ex-vivo
chicken breast phantom. Figure 118 shows experimentally measured (n=3)
transient temperature profiles during heating experiments performed in ex-vivo
tissue phantom, while applying a input power of 7.5 W per antenna with all the
antennas fed with constant phase (Figure 118 (a)) and with optimized phase to
steer the energy in a target 22.5 mm offset from the breast midline (Figure 118

(b))-
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Figure 116. SAR cross-sections on the yz-plane with the 4-antenna array on the small
breast model with all the antennas with constant phase (a) and phases optimized to
create a focus in a laterally located target on the right lobe of the breast (b) and on the
experimental setup with all the antennas with constant phase (c) and phases
optimised to create a focus in a laterally located target on the right lobe (d). The
symbol x indicates the location of the focus target.
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Figure 118. Experimentally measured (n=3) transient temperature profiles with the
4-antenna phased array with constant phase (a), and phased optimized (b) to have the
focus with an offset of 22.5 mm from the breast midline. Solid lines represent the
mean value, error bars represent the range (maximum/minimum values).
Temperature probes T1, T2, T3 and T4 positioned in the ex-vivo tissue phantom. See
Figure 110 for further details about the position of the temperature probes.

8.4. Discussion

8.4.1. Effect of Antenna Spacing on Energy Deposition
Patterns

When considering a small breast, for a 4-antenna array configuration, simulations
indicated moderate increases in aPA values as inter-antenna spacing increased
from 20° to 45° within both small and large targets (see Figure 112 (a)). However,
further increases in inter-antenna angular spacing yielded sharp decreases in aPA
values. For 8- and 12-antenna arrays, the highest aPA was found with inter-
antenna spacing of 22.5° for the small target and at 20° for the large target (see
Figure 112 (b, c)). Positioning the antenna with an inter-antenna angular spacing
of less than 20° generated nearfield interferences, which degraded the antenna
impedance matching (i.e. S1:>-8.5 dB). In general, these results suggest that a good
focusing effect can be achieved with inter-antenna spacing of 22.5° (or inter-
antenna circumferential distance of ~27.4 mm) for arrays incorporating 4-12
antennas.
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8.4.2. Effect of Number of Antennas on Energy Deposition
Patterns

Considering an inter-antenna spacing of 22.5°, simulations were employed to
assess the quality of focusing effect within small and large targets, positioned
centrally or at depth (close to the chest wall) within the small breast, of 90 mm in
diameter. As illustrated in Figure 113, for central targets, a similar performance
was achieved with arrays employing 4-12 antennas, in which aPA ranged between
4.1 and 4.4 for small targets and 3.5 and 3.9 for large targets. Although increasing
the number of antennas beyond 12 yielded intense energy deposition within the
target, aPA values decreased more with the greater energy deposition outside the
target, which could be seen in the SAR profiles illustrated in Figure 114. The aPA
curve shifted to the right for deep-seated targets positioned near the chest wall,
and good performance was achieved when using 8-16 antennas (Figure 113). This
rightward shift can be explained by the effects of greater attenuation of the E-field
due to the increased distance between the target volume and the antennas.
Collectively, these results suggest that arrays incorporating 8-12 antennas with an
inter-antenna angular spacing of 22.5° provide sufficient flexibility to achieve good
focusing within cubic target volumes of 1 cm3and 27 cm3 positioned centrally or at
depth (close to the chest wall) within the breast.

Simulations with the large breast model showed that for an inter-antenna spacing
of 22.5° a good focusing effect (aPA ~4-5) was achieved with 4-8 antennas for
central targets (Figure 115). Similar to the results with the small breast model, a
larger number of antennas yielded the best focusing quality (aPA ~1.5 with 8-16
antennas) for deep targets. Similar aPA values were achieved for central targets in
the small breast and large breast. This finding may be attributed to the reduced
energy deposition in the target for the large breast being balanced by reduced
energy deposition within the rest of the breast volume. However, for deep-seated
targets, an optimum aPA value of ~3 was achieved in the small breast compared to
~1.5 in the large breast. This can be explained by the attenuation of heating effect
due to the longer distances between the deep-seated target and antenna in the
large breast than in the small breast.

8.4.3. Experimental Evaluation

A 4-antenna array configuration with inter-antenna angular spacing of 45° was
fabricated for experimental evaluation. The antenna reflection coefficients
measured in an ex-vivo chicken breast phantom were in good agreement with
simulations of the simplified human breast model and the ex-vivo chicken breast
(Figure 117). Positions of experimentally measured heating focal spots were in
good agreement with SAR simulations. When using antennas with constant phase,
the measured temperature profiles illustrated the capability of delivering energy
to central targets with the proposed applicator (Figure 116 (a, ¢) and Figure 118

161



Chapter 8

(a)) using relatively low input power levels (7.5 W per antenna). By adjusting the
relative phase of signals fed to individual antennas, as determined using the
focusing algorithm presented in Wu et al. [273], simulations and experiments
indicated the feasibility of electrically steering focal spots ((Figure 116 (b, d) and
Figure 118 (b)).

Table 42 shows the ratio of the experimentally measured temperature rise for the
case with focus at the center compared to the lateral focus, following 60 s of
heating at locations T1-T4. Also shown are the ratios of simulated SAR at the same
locations. Both simulations and measurements indicate that, compared to lateral
focusing (i.e. adjusted phases), central focusing (i.e. equal phase) yields: reduced
heating at location T1, moderate increases in heating at locations T2 and T3, and
large increases at T4. Discrepancies between experiment and simulation may be
due to uncertainty in the location of temperature sensors during experiments,
mismatch in tissue properties between experiment and simulation, and phase
discrepancies along cables.

Table 42. Measured temperature and simulated SAR ratio center/lateral focusing at
the locations T1, T2, T3 and T4.

Evaluated Location Ratio of measured Ratio of simulated
temperature SAR

T1 0.89 0.58

T2 1.26 1.09

T3 1.66 1.84

T4 3.48 6.08

These simulation and experimental results suggest good potential for heating
targets in diverse locations within the breast. In particular, for central targets, the
ratio of power deposition within the target volumes was approximately five times
larger than in the full breast volume. While this study focused on the analysis of
parameters that affect the quality of electromagnetic focusing within target
volumes, further investigations are necessary to assess the thermal profiles in
simulation and experiment. Thermal analyses will be important for assessing the
ability of the water bolus to effectively avoid heating the skin and non-targeted
tissue between the target and the antennas. Another limitation of this study was
that it did not consider dielectric heterogeneity between the target tissue and
surrounding non-target regions. It is anticipated that dielectric contrast (especially
effective conductivity) between the target and non-target tissue may yield
increased power deposition within targets [207], [283].

Several studies have reported phased antenna arrays positioned within a
cylindrical geometry for delivering hyperthermia to breast targets [272], [290].
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Although the proposed system will require a water bolus for coupling
electromagnetic energy to the breast while thermally sparing surface tissues, it will
not require compression of the breast as in Dooley et al. [291]. Due to the use of a
hemispherical groundplane, the antennas can be positioned close to the breast
target. Thus, the power levels required per antenna for achieving adequate heating
are lower than in other applicators [272], [273]. Hemispherical breast models and
hemispherical groundplane applicators, with 25 mm-thick water bolus, were
considered for this study. Future evaluations of this applicator will incorporate
patient-specific models with variable water bolus thickness, e.g., for patients in
prone position with pendant breast. Differences in water bolus thickness, and in
general, path length and heterogeneity of interfacing tissues between the antenna
elements and the actual tumor will be compensated by individualized patient
treatment planning, in which specific power and phase could be applied for each
antenna element. This study considers the antenna located at a variable angular
separation along the orthogonal axis and in the diagonals between the axes as an
initial approximation. Future studies will further investigate antenna distribution
across the breast hemisphere with uniform solid angle; they should also assess the
impact of heterogeneous tissue properties [292], as well as extend the biothermal
modelling efforts for assessment of the array design presented [181].

8.5. Conclusions

This chapter presented a novel microwave hyperthermia applicator based on a
phased array for the breast cancer treatment. The design incorporated a
hemispheric groundplane and a bolus full of flowing cold water to maintain the
temperature of the biologic tissues at safe levels. Phased arrays of 2, 4, 8, 12, 16
and 20 rectangular patch antennas were tested to assess the focusing of the
delivered power.

Simulations were carried out in CST software, and the reflection coefficient, SAR
levels and the aPA were assessed. Results illustrated that an angular spacing of
22.5° between antennas presented the best results in terms of aPA. Results also
showed that an 8-antenna array achieved the highest aPA at centrally located
targets, while a 12-antenna array achieved the highest aPA at deep seated targets
for both small and large breast models.

An experimental model comprising 4-antennas with optimized phases was
manufactured. The reflection coefficient measurements of the four antennas were
in good agreement with simulations. The measured results showed a favorable
temperature increase of 7 °C on laterally located targets 22.5 mm off from the
center, compared with a temperature increase of only 3 °C on the opposite side.
These results suggest that the applicator might be suitable for creating diverse
energy deposition patterns at different locations within the intact breast.
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9. General Discussion, Conclusions
and Future Work

The research performed in this thesis was carried out under the framework of the
oncoming P4 medicine paradigm, where the focus of the healthcare is placed on
the patient. P4 medicine aims to quantify wellness and prevent diseases in order to
reduce hospital costs and enhance the quality of life of the general population. In
this context, biomedical devices with RF play a crucial role, as they can provide
individualized treatments and/or long-term remote physiological data. One of the
main challenges in the current research into biomedical devices with RF is the
improvement of the design and characterization of the antennas in the presence of
the human body.

The insights provided in this thesis are geared towards the development of
antennas in biomedical device, for two main applications: wireless biotelemetry
and microwave hyperthermia. For the former, the improved understanding of the
interaction between EM and biological tissues has led to the design, development
and implementation of novel in-body multilayered PIFA-based antennas that
overcome some of the current problems. New contributions regarding
miniaturization methods, phantom influence, bandwidth enhancement,
manufacturing, characterization, packaging and RFID integration have been
presented and discussed. With regard to microwave hyperthermia, a new
approach to the applicator led to the design of a novel on-body, compact,
comfortable, low-cost and configurable device for the treatment of breast cancer.

This thesis was divided in two parts. In the first, | presented the theoretical
framework of antennas in the presence of a human body and the research
developed to achieve the first manufactured in-body prototypes. In the second, I
presented three antenna demonstrators that contribute to the current applications
of biotelemetry and microwave hyperthermia.

9.1. Thesis Assessment

The achievements and elements discussed in this thesis can be classified under the
following headings:
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9.1.1. Antenna Design

In this thesis, I focused my study of the antenna design mainly on the in-body
scenario. As identified in Chapter 2, several aspects of in-body antennas still
remain under development, such as miniaturization, biocompatibility, operating
frequency, antenna performance, powering, packaging, antenna modeling,
manufacturing and experimental characterization. According to the literature,
PIFA designs are suitable structures for in-body applications as they provide a
good balance between miniaturization and antenna performance. Thus, in Chapter
3, the miniaturization issue was addressed through the exploration of different
square PIFA size reduction methods, such as meanders, fractals, spirals and
multilayer structures. The results showed that 3D spiral miniaturization
techniques presented the best compromise between volume and efficiency. In
addition, folding down the main radiator of the antenna, and separating the
radiator ending as far as possible from the tissue, was found to optimize gain for a
given antenna volume. Indeed, the ratio between volume and efficiency of the final
3D PIFA was twice that of the final 2D PIFA.

It is worth mentioning that the substrate thickness was limited to 2 mm because of
the selected technology and the available facilities. However, thicker and narrower
antenna designs (more similar to cubic structures) could increase the ratio
between volume and efficiency, since it would make more efficient use of the
available space. In any case, the final shape of the substrate depends on the
application for which the antenna will be used. Other parameters of the designs
analyzed were also limited by technology constraints, such as the radiator width or
the distance between layers. Further development in the manufacturing
technology will allow smaller designs.

The MedRadio frequency band was selected for most of the antenna designs. Some
designs at other frequencies were also developed. In Chapter 4, square spiral PIFAs
at 866 MHz and 2.45 GHz were obtained by reducing the length of the radiator.
Chapter 7 presented a new antenna design for an UHF-RFID tag. This design was
based on a square spiral PIFA with an inductor line to match the IC capacitive
impedance. As regards antenna design, Chapter 8 proposed an array of rectangular
patch antennas operating at 915 MHz for an on-body microwave hyperthermia
applicator. A bolus full of water surrounding the antenna array helped to
miniaturize the radiating patches, making the device more compact and
configurable. The frequency detuning caused by the heterogeneity of the biological
tissues was addressed in Chapter 6, where the design of a novel multilayer
implantable broadband PIFA was proposed. The enlargement of the bandwidth
was obtained by the coupling between two radiators, which provided two resonant
peaks in close proximity.
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Regarding the antenna modeling, several commercially available software
packages were used during the development of the thesis, depending on the
application, the available facilities and the stage of the design. The use of more
than one EM computational tool in certain cases increased the confidence in the
results.

Although the powering of the antenna and the electronics required in an IMD were
not specifically assessed in this thesis, an integration technology was selected for
future developments of complete devices (see Subsection 9.1.3). In Chapter 6, I
presented a study of the influence of the electronics in the antenna performance. In
Chapter 7, a passive in-body RFID tag was proposed as a solution for powering and
integration. The results indicated a limited tag range of 10 cm, which may be
enough for certain applications.

The manufacture of the antennas and their experimental characterization are
discussed in Subsections 9.1.4 and 9.1.5 respectively.

9.1.2. The Human Body

As seen in Chapter 2, several human body models were found in the literature,
either for computational simulations or experimental validation. The geometry,
volume, materials and realism of the phantom selected depend mainly on the
application and the design stage. Although it has previously been demonstrated in
the literature that phantoms strongly influence the radiated EM fields of an
antenna, a quantitative analysis was carried out in Chapter 4 for in-body square
spiral PIFA-based antennas at different frequencies. It was found that, apart from
size, implant depth and biological tissues, the EM field regions and the antenna
orientation also significantly affected antenna performance. Some guidelines were
therefore proposed to select the appropriate operating frequency band depending
on the implant placement. For shallow implants, antennas operating at higher
frequencies can show better performance (an increase of up to ~20 dB in gain),
mainly due to the reduction of the near-field region, which can compensate for the
higher losses. In contrast, for deeper implants, low frequencies are generally
recommended.

Most of the simulations performed in this thesis were carried out in canonical
phantoms. However, the heterogeneity of the tissues and the variations of the
phantom sizes significantly alter antenna performance, such as the gain (see
Chapter 4) or the operating frequency. In Chapter 6, a broadband antenna for
in-body applications was presented to mitigate this frequency detuning. Its
performance was evaluated when implanted into four different sites (head, chest,
torso and arm), showing satisfactory results. For the assessment of a breast cancer
hyperthermia treatment, in Chapter 8, the influence of breast size as well as the
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target size and target location within the breast were taken into consideration in
the assessment of the device.

In order to compare the antenna performance of different in-body antennas found
in the literature or designed by oneself, in Chapter 4 I proposed an antenna
characterization protocol based on the near-field regions, which aims to provide
the same characterization scenario depending on the operating frequency. This
standardization is indicated for antenna engineers seeking for an in-body antenna
design that efficiently operates inside the body, without knowing the specific
application in advance.

9.1.3. Integration Technology

In this thesis LTCC technology was selected as a promising multilayer ceramic-
based technology for the integration of implantable antennas with the other
components of an IMD. The advantages of LTCC include a final hermetic block as a
monolithic structure (thus avoiding air gaps between layers or the use of glue to fix
them), the inclusion of opened and closed cavities to integrate other components,
the interconnection of components from the surface to the inner layers,
biocompatible low-loss substrates with high permittivity and durability. The in-
body antenna designs proposed in Chapters 3, 4, 5, 6 and 7 were based on LTCC
technology in order to take advantage of these features. In Chapter 6, an initial
assessment of the influence of the integration of electronics on antenna
performance was made. The electronic components were modeled as embedded
metallic boxes of varying sizes and placements. The results showed a good level of
integration robustness. Chapter 7 took advantage of the cavities allowed in the
LTCC substrate to isolate the RFID IC from the lossy surrounding media.

9.1.4. Manufacturing Process

Most of the representative antenna designs that I presented in this thesis were
manufactured. For in-body antenna designs, LTCC technology was selected
because of the features mentioned above. I had the opportunity to manufacture
them at the FAE SAU company facilities. The analysis of the manufacturing process
is important because, as shown in Chapter 2, the fabrication of multilayer antennas
often produces layer misalignments or other imperfections that may produce
significant changes in the antenna performance. Therefore, in Chapter 5, I
addressed the manufacturing process of implantable antennas in LTCC technology
from the industrial point of view. Possible sources of error in the fabrication stages
were identified and discussed (such as misalignment of vias and cavities,
unwanted shrinkage, substrate ruptures, etc.). In addition, sensitivity tests were
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carried out, showing that the substrate permittivity and the horizontal size are the
most sensitive parameters in terms of antenna performance. A threshold of a
relative frequency detuning up to 2% was considered as acceptable. The free-
sintering method was considered more suitable for in-body antenna fabrication
since the scaling factor allows more control and homogeneity than the zero-
shrinkage method. Radiator thickness up to 0.3 mm was successfully achieved.

The manufacturing of the microwave applicator for hyperthermia, described in
Chapter 8, was performed using 3D printed models for both the hemispherical
groundplane and the breast mold. Copper sheets were used for the antennas and
also the groundplane. Despite being only a first prototype, the results showed good
agreement between the EM computational model and the manufactured prototype.

Regarding the manufacturing of phantoms, in Chapter 5 [ described the
development of in-vitro phantoms for the experimental validation of in-body
antennas. The recipes used were simple and easy to manufacture, as only three
ingredients were needed: salt, sugar and distilled water. In general, the dielectric
properties obtained were in satisfactory agreement with simulations. However,
experimental phantoms at 2.45 GHz presented variations in the dielectric
properties, which led to inaccuracies in the experimental results of antennas
operating at that frequency, especially for the bandwidth. As shown in the
sensitivity tests in Chapter 5, slight variations in phantom permittivity do not lead
to significant differences in the operating frequency. It can therefore be said that
the manufacturing process of the antenna is more sensitive than the
manufacturing process of the phantom.

Chicken breast was selected as the ex-vivo phantom for hyperthermia. In this case,
the development of in-vitro phantoms was not proposed because analysis of the
thermal behavior was also needed.

9.1.5. Characterization and Experimental Validation

Once the antennas were manufactured, experimental characterization was
required in order to validate the results. Nevertheless, according to the literature
presented in Chapter 2, few investigations have described in-vitro, ex-vivo or in-
vivo antenna measurements for in-body applications, especially for far-field
features. This is mainly due to the complications that arise when using an
unbalanced coaxial cable to feed ESAs, especially in an in-body scenario. As
detailed in Chapter 5, currents flowing from the back side of the groundplane to
the outer conductor of the cable produce unwanted radiated fields. Moreover, if
the antenna is surrounded by a lossy medium, these currents on the cable couple
with the medium and generate new dissipated fields, distorting the
characterization of the antenna. Therefore, I presented two measurement
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techniques in Chapter 5 to suppress or at least mitigate these undesirable effects:
the use of a splitter that acts as a balun and the use of a fiber optic link to remove
metallic parts. Measurements of the reflection coefficient with the splitter were
found to be in good agreement with simulations. However, far-field measurements
were only considered for the horizontal plane due to the distortions in the vertical
plane. A measurement setup based on fiber optics was also proposed. Although an
initial version of this measurement setup showed promising results, further
development was required to establish it as a reliable system for in-body antenna
characterization (the power, the feeding of the receiver module and the sealing).

Another issue concerning the characterization of certain types of antennas, like
PIFAs, is the connection of the feeding when the radiator is surrounded by the
substrate. To facilitate the soldering of the SMA connector in this case, a coplanar
launcher was presented. Despite distorting the radiation pattern, especially at
higher frequencies, it was proposed for frequencies at the MedRadio band. The
direct connection was then suggested for implementations at higher frequencies.

The measurement setup used to experimentally validate the microwave applicator
for the hyperthermia treatment of breast cancer consisted of a signal generator, a
power amplifier, a power monitor, a 4-channel power divider, four manually
controlled phase shifters and the applicator. The results gathered from the
validation showed similar EM behavior between the heterogeneous phantom
(piece of chicken breast) used in the experiments and the homogeneous phantoms
employed in simulations.

9.1.6. Antenna Demonstrators

In the second part of the thesis I proposed three antenna demonstrators, which
were based on the data and results presented in the previous chapters. The first
one, presented in Chapter 6, was a novel multilayered broadband PIFA for compact
embedded implantable medical devices. The miniaturization of this antenna was
achieved by combining two radiators: a meander and a spiral. According to
previous chapters, two spirals might have had a greater degree of miniaturization,
but the coupling needed to enlarge the bandwidth (at least 70 MHz) could not be
achieved. The antenna was tested in different realistic scenarios, showing a strong
robustness in frequency. The internal cavity for electronics and powering was set
up to 10 x 10 x 0.5 mm. This volume was enough for current passive ICs, like RFID
ICs. However, for active powering circuits with a battery, it would take more space.
The antenna was manufactured and experimentally validated. Compared to other
similar designs found in the literature, this antenna achieved good levels of
miniaturization, bandwidth, gain and integration.
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The second antenna demonstrator, presented in Chapter 7, consisted of a
multilayered implantable UHF-RFID tag for the remote monitoring of patients. The
impedance matching and the broadband performance were achieved mainly
through the addition of an inductive line, which compensated for the capacitive
behavior of the RFID IC. The square spiral and the multilayered structure helped to
miniaturize the device. In addition, an internal cavity allowed the integration of the
IC. The experimental validation presented an enlargement of the 6 dB bandwidth
of 45 MHz, basically because of the addition of the sealing material in the IC, which
was not considered in simulations. Inaccuracies in the manufactured prototypes,
the variations between simulated and real parameters and the unwanted effects of
the measurement setup also contributed to the differences between simulations
and measurements. However, both results exhibited enough bandwidth to operate
in the European UHF-RFID band. A tag range of 10 cm was measured when
implanted in a cubic skin phantom. Although for some applications this might be
enough, for the remote monitoring of patients the tag range needs to be higher. It
can be achieved mainly by increasing the size of the tag (and thus the gain) or by
adding an active RFID IC. The same structure of the tag could be used to develop
RFID tags with sensing capabilities thanks to the development of new ICs.

In Chapter 8 the third application is presented, consisting of a microwave
applicator for the treatment of breast cancer through hyperthermia. The applicator
is based on an array of simple patch antennas that share the same hemispherical
groundplane. Thus, a compact, wearable and comfortable device is achieved. In
addition, the phase variation of the antenna feedings allows focusing of the power
deposition in different locations, meaning that the applicator can be used in
different scenarios. However, the amplitude tuning would allow a higher level of
configurability and selectivity. The effect of angular spacing between antennas was
assessed, and 22.5° was shown to be the spacing that shows the best results. This
number was constrained basically by the operating frequency of 915 MHz, which
determines the near field regions of each antenna. The number of antennas in the
array was also evaluated. Results showed that an 8-antenna array is the most
suitable configuration for centrally located targets, while a 12-antenna array
achieved the best results at deep seated targets for both small and large breast
models. Higher frequencies could allow an increase in the number of antennas, but
at the same time might also cause an increase in the losses. An experimental
prototype of four antennas was manufactured and the temperature increase in
different locations was monitored, showing a difference in the increase in
temperature of about 4 °C between the target and the healthy tissue.
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9.2. Final Conclusions

To sum up, the final conclusions of the thesis are the following:

PART 1. FRAMEWORK AND DEVELOPMENT
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Several challenges remain in various aspects of the use of radiofrequency in
biomedical devices, such as the development of antennas in the presence of
a human body.

In wireless biotelemetry, the main challenges for in-body devices are in the
fields of miniaturization, antenna performance, frequency detuning,
biocompatibility, powering, packaging, manufacturing and experimental
characterization.

For miniaturization, multilayer PIFA designs are good candidates due to
their size and efficiency.

In the 2D miniaturization, the square spiral PIFA is a more efficient
structure than the meander and fractal antennas.

3D miniaturization techniques achieve better results than 2D
miniaturization because of their more efficient use of space.

For the in-body 3D square spiral PIFA, folding down the main radiator of
the antenna is the best procedure for optimizing gain for a given antenna
volume.

The depth of the implant, the phantom dimensions and the antenna
orientation significantly modify antenna performance. A quantitative
analysis is presented.

The interaction between the air-tissue interface and the near field region is
critical in the antenna performance.

For shallow implants, square spiral PIFAs should be perpendicularly
oriented to achieve greater gain values. For deep implants, the antenna
orientation is less sensitive.

For shallow implants, antennas operating at higher frequencies can achieve
higher values of gain, especially due to their relatively larger size. For deep
implants, lower frequencies are recommended.

The development of a standard characterization protocol for in-body
antennas is suggested. This could assist antenna engineers to determine the
most suitable antenna for an in-body application from among all the designs
and proposals provided by researchers and companies.

A proposal for this protocol is to characterize the in-body antennas in the
center of a cubic phantom, the dimensions of which are determined by the
operating frequency.

For the manufacturing of in-body antennas, LTCC technology is suggested
because of the features it provides: biocompatibility, high permittivity, low
loss tangent, multilayer structures, implementation of internal cavities and
vias, possibility of embedding integrated microstructures and durability.
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Sensitivity tests of the LTCC manufacturing process indicate that the
substrate permittivity and the scale factor are the most relevant parameters
in terms of frequency detuning. A limit of a relative detuning up to 2% is
considered as acceptable.

The experimental characterization of in-body antennas is extremely
complicated, due to the presence of unwanted radiated and dissipated fields
when connecting a coaxial cable.

The use of a coplanar launcher is suggested for the characterization of
in-body antennas operating at the MedRadio band. The launcher facilitates
the soldering of the SMA connector.

For higher frequencies, the direct connection is preferable because the
coplanar launcher compromises the radiation pattern.

The use of a power splitter as a balun improves the measurement of the
reflection coefficient for in-body antennas operating up to 900 MHz.

Only the horizontal plane of the radiation pattern can be measured with the
splitter; in the vertical plane, too many distortions appear.

A preliminary setup of the radiation pattern measurement through a fiber
optic link is proposed in order to remove the coaxial cable distortions.
However, further development is needed to overcome the challenges that
remain in an in-body scenario, such as the power, the receiver feeding and
the sealing.

Experimental characterization of 2D antennas presents a stronger
agreement between simulations and measurements due to their lower level
of complexity.

Antennas operating at 2.45 GHz present variations between simulations
and measurements, for two main reasons: (1) differences between the
dielectric properties of the simulated and measured phantoms, and (2) the
impossibility of using the splitter.

PART 2. ANTENNA DEMONSTRATORS

A multilayered broadband PIFA for implantable medical devices is
presented. The antenna is based on the LTCC technology and operates at
the MedRadio band.

The main advantages of this novel antenna are: (1) a strong miniaturization
level, (2) a large bandwidth that mitigates the frequency detuning caused
by the heterogeneity of the tissues, and (3) integration with the other
electronic components.

The broadband behavior is achieved thanks to the coupling of two
radiators.

Simulated results of the broadband antenna show a suitable operational
behavior of the antenna in most of the scenarios studied (several locations
in the body and different sizes of the embedded electronics).
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Measurements of the broadband antenna show a reliable communication
link of a few meters, which are in satisfactory agreement with simulations.
A new multilayered implantable UHF-RFID tag for the remote monitoring of
patients is presented.

The RFID tag is based on the PIFA structure and on the LTCC technology to
allow integration with the RFID IC.

An inductor line is used for impedance matching and the enlargement of the
bandwidth.

A manufactured prototype shows a tag range of 10 cm, which is in good
agreement with simulations. However, further development is needed to
reach larger distances of communication.

A novel microwave hyperthermia applicator based on a phased array for
the breast cancer treatment is presented.

The design incorporates a shared hemispheric groundplane and a bolus full
of flowing cold water to maintain the temperature of the biologic tissues at
safe levels.

Phased arrays of different numbers of rectangular patch antennas are
tested to assess the focusing of the power delivered in different scenarios
(different tumor sizes and locations and different breast sizes).

Results showed that by changing the phases of the antennas it is possible to
modify the target of the power deposition.

An experimental prototype of four antennas with optimized phases is
manufactured and experimentally validated. Measurements of the
temperature increase in different locations show favorable results, thus
indicating the ability of the device to create diverse energy deposition
patterns at different locations within the intact breast.

9.3. Future Work and Perspectives

Although several issues related to antennas in biomedical applications have been
addressed in this thesis, some important topics still need further development.
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9.3.1. Wireless Biotelemetry

IMD research seeks constant improvements in miniaturization in order to
decrease invasiveness. However, the need for new technological capabilities
and the improvement of antenna performance push in the opposite
direction. In this thesis these aspects have been addressed. However, there
is still room for improvement in this field: more efficient antenna designs
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and the optimization of the available space in the IMD integration and
packaging.

The development of anatomical-based phantoms for in-vitro experimental
validation is still an open field of research. While in the virtual world
accurate phantoms are already available, this is not so in the real world,
making the comparison of simulations and measurements in a realistic
scenario a complex task. Other options involve ex-vivo or in-vivo
measurements, already found in the literature, which should be taken into
account as future steps for the research carried out in this thesis.

Further development of a characterization protocol could be an interesting
tool for classifying and categorizing in-body antennas.

Improvements in the powering of IMD consist of extending the power life
time, reducing the size of internal batteries or introducing wireless power
transfer.

Passive in-body RFID tags with sensing capabilities arise as a promising
technology for wireless biotelemetry. Nevertheless, from the industrial
point of view, an increase in the read range is needed.

Most of the LTCC antennas presented in this thesis have a space available
for the integration of electronic components. Apart from the UHF-RFID
solution presented in Chapter 7, other alternatives are the use of a Voltage-
Controlled Oscillator or other configurations with sensing capabilities.

The enhancement of the resolution in the manufacturing process of in-body
LTCC antennas may lead to smaller prototypes and more accurate results.
However, it should be borne in mind that reducing the size also reduces the
radiation efficiency.

Far-field measurement setups have to be improved in order to avoid the
distortions that appear because of the coaxial cable.

The antenna characterization through a fiber optics link still requires
further development in the receiver optical module: more available power,
a FO-based DC feeding, and the sealing of all the module.

9.3.2. Microwave Hyperthermia for Breast Cancer

Treatments

Computational simulations in realistic models are required as well as
thermal simulations.

Further investigations should analyze the antenna distribution across the
breast hemisphere with a uniform solid angle.

The development of an algorithm with the optimization of both the feeding
phases and the feeding amplitudes should be considered in order to
enhance the focusing capabilities of the device.
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Another focusing algorithm based on the time-reversal method will be
developed.

For the control of the temperature increase in the biological tissues, a non-
invasive monitoring system should be developed. This would prevent
unwanted hotspots and the feedback of the system.

A better control of the water circuit to cool the skin would make the results
more accurate.

A manufactured 3D-printed prototype, also for the metallic parts, can
increase the device resolution, robustness and reliability.
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Appendices

Appendix A. Characterization of LTCC In-body Antennas
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Figure 119. Perspective view, gain radiation pattern and reflection coefficient of the
2d403 antenna.
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Figure 120. Perspective view, gain radiation pattern and reflection coefficient of the
3d403 antenna.
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Figure 121. Perspective view, gain radiation pattern and reflection coefficient of the
2d866 antenna.
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Figure 122. Perspective view, gain radiation pattern and reflection coefficient of the

3d866 antenna.
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Figure 123. Perspective view, gain radiation pattern and reflection coefficient of the

2d2450 antenna.
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Figure 124. Perspective view, gain radiation pattern and reflection coefficient of the

3d2450 antenna.
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Figure 125. Perspective view, gain radiation pattern and reflection coefficient of the
2d403t antenna.
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Figure 126. Perspective view, gain radiation pattern and reflection coefficient of the
2d866t antenna.
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Figure 127. Perspective view, gain radiation pattern and reflection coefficient of the
2d2450t antenna.
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