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ABTRACT

Implantable medical devices (IMDs) introduced to monitor and transfer
physiological information from inside the human body have superb potentials to
provide major contributions to disease diagnosis, prevention and therapy. Moreover,
minimally invasive biomedical devices helps to reduce the period of long-term
hospitalization, so that enhancing the patients’ quality of life. Understanding and
developing biotelemetry devices, recording/transmitting data from inside the body to
the external base station, requires a multi-disciplinary approach. Such a challenging
task merges applied solutions, concepts and models from various fields, including
biology, electronics, electromagnetism and package/system engineering. Among the

device components, the transmitter antenna plays a key role.

Antenna design for biotelemetry applications is extremely challenging due to
the effect of the surroundings on the radiator, the essential requirement to miniaturize
the antenna structure size, reduced antenna efficiency and the robust effect of
multipath losses. More specifically, in this thesis, I design and fabricate several
antennas to be integrated in ingestible and implantable devices useful for remote
monitoring as well as data biotelemetry. This work also focuses on arrays of body-
worn antennas for both wireless endoscope base stations and cancer treatment
nearfield microwave systems. Here, my aim is to reduce the physical size of the
implantable antennas at specified operating standards frequency bands, while
maintaining the antenna electromagnetic performance satisfactory. To achieve this, I
introduce and use valuable miniaturization techniques for implantable patch antennas

for biotelemetry applications.

Additionally, I design and fabricate compact microwave systems for cancer
treatment using electromagnetic (EM) energy. Non-Invasive Local Microwave
Hyperthermia (NI-LMH), which is my interest in this thesis, is a heat treatment serves
to enhance the effectiveness of chemotherapy or radiation therapy and leads to gain
remarkable results. The system may directly apply heat to a fairly small specific area
such as tumors to destroy the local cancer cells. To achieve this, the heat effect is
developed in the target by the transmission of EM energy, using array of antennas,
which is adjusted in frequency, time and strength in order to work together to form a

focus in the target. This places high demands on the precision of the system.
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In this thesis, I present different planar antenna array for non-invasive
microwave hyperthermia applications. The new Near Field Focused (NFF) arrays
operates at ISM 2.45 GHz band and consists of 5 to 25 miniaturized dual slot PIFAs,
depends on the array geometry arrangement. The arrays immersed inside a coupling
bolus occupies a very small volume of space results in an easy fitting to contoured
patient anatomy. These arrays, which are low profile and lightweight, have both
superficial and deep focusing properties. The novel NFF body worn arrays are capable
to focus on a single target with a high level of accuracy to concentrate the EM energy
only on the target. I employ optimized dual slot PIFAs as array elements to reduce the
size of the focusing area so that destroying very small tumors and avoid heating up the

surrounding healthy cells.

I have also introduced size reduced NFF array to simplify the feeding network
of the applicator and reduce the system cost, this array configuration satisfies system
requirements and can focus on small targets precisely while keep the penetration depth

high enough to heat up the deep seated targets.

In addition, the performance of both fabricated narrowband and wideband single
antennas and array of antennas verified using experimental tissue mimicking
phantoms. To validate the dielectric properties of experimental phantoms, over
different frequency bands, dielectric probe kit employed, furthermore, optical fibre
thermometers employed to confirm specific absorption rate (SAR) values for

implanted radiators.

Index Terms — Antennas in lossy matter, Electrically small antennas, PIFA
miniaturization method, SAR, Biocompatible insulation, Implantable and ingestible
antennas, Rx and Tx antenna for wireless capsule endoscopy, Body centric wireless
communications, compact antenna for head implants, Body Sensor Node (BSN),
standards biotelemetry bands, array antenna for non-invasive local hyperthermia,
Medical Device Radio communications Service (MedRadio), Medical Implanted

Communication System (MICS).

xxiii






INTRODUCTION

CHAPTER - 01

1. INTRODUCTION

Electromagnetism has been continuously growing and facilitate medical care
since the first X-ray medical experiment conducted at the end of the 19" century. With
increasing sophistication of wireless communication, implantable and wearable
medical devices integrated with wireless small sensors, ever-expanding ranges of
diagnostic and therapeutic applications are being followed by the commercial and
research organisations. These innovative compact wireless devices include but not
limited to, context aware implanted pacemakers and cardiac defibrillators, fully
wireless active platform for monitoring parameters in the vascular system (cardiac
pressure), integrated drug delivering therapeutic devices i.e. quick delivery of insulin
in diabetics, implantable wireless neural recording system to measure local neural
activity and transmit action potential occurrences to an external interface, Intracranial
Pressure Monitoring (ICP), implantable wireless pressure sensing paradigm for long
range and continuous intraocular pressure (IOP) monitoring of glaucoma patients,
acute and chronic bladder pressure monitoring system using low power wireless
micromanometer and wirelessly controlled valves in the urinary tract operating when

patient needs restoring bladder control [1-3].

Additionally, wireless wearable and implantable devices provide economic
benefits to the healthcare system. For instance, remote monitoring healthcare devices

may facilitate the diseases prevention and favour the hospital at living place. The
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model of such a system is depicted in Figure 1-1. Both economical aspects reduce the
cost of healthcare significantly by decreasing the hospitalization period and treating

the patient at home.

For overall system design, the design of miniaturized antennas and analysis of
the wireless channel for communicating with the device, are the most important
research challenges due to the complex dielectric characteristics of human body and
significant power consumption. This work deals with analysis, realization, design and
characterization of body-worn arrays and integrated antennas for EM energy
deposition and data telemetry. This is a multidisciplinary research area that merges
several electromagnetism aspects (i.e. field propagation in lossy matters, small
antenna design and theory, and interactions with biological tissues, etc.) with privacy
and security matters [4], telecomm and biocompatible packaging [5, 6], and biological

and material science [7].
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Figure 1-1. Example of monitoring home healthcare system using wireless implantable devices.
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1.1 Principal Characteristic of Wireless Body-worn and Implantable
Systems for EM Energy Deposition and Data Biotelemetry

The main goal of exposing the electromagnetic energy inside an unhealthy
human tissue, using array of antenna for a microwave cancer treatment, is to kill the
cancerous cells. On the other hand, the primary aim of employing wireless implantable
devices for healthcare monitoring systems is providing reliable data from inside the
human body to the base station (BS) outside the body. These systems designed for
biomedical applications involves several important aspects. Such aspects, for both
cancer treatment and healthcare monitoring, identified from the antenna engineer point

of view, are illustrated in Figure 1-2 and Figure 1-3 respectively.

[ Cancer Treatment System] y N Coupling
f ) ' Bolus
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Network

. " Temperatu.l:; N Antenna
Experimental work Estimation Array

Figure 1-2. Different aspects from antenna engineer point of view for microwave cancer treatment system.



INTRODUCTION

T
Channel Base
Propagation < Station
Experimental
— work
Implanted |, >
Device k2
= l E§
. . Implanted & Electronics Bio-sensors Bicomable
Antenna Power supply Bio-actuators Insulation

Figure 1-3. Different aspects from antenna engineer point of view for wireless implantable system for
data biotelemetry.

1.1.1 Frequency Bands and Spectrum Allocation

This section reports standard bands of frequency and relevant Australian
Communications and Media Authority (ACMA) regulations for the current and
emerging wireless biomedical devices, also outlines similarities and differences with
those of Federal Communications Commission (FCC). Wireless medical devices and
networks operate in several frequency bands, under various national and international
rules, based on the application, operational range, data rate and required power
transfer. In this work, I focus on standard biotelemetry bands such as Industrial,
Scientific and Medical (ISM) band, 2400 MHz, and Implant Communications Service
(MICS) band, 400 MHz [8]. limitations of Equivalent Isotropic Radiated Power
(EIRP) for ISM and MICS bands are -20 dBm and -16 dBm respectively. However,
the demand on radio spectrum is increasing for use in wireless biomedical
applications. This demand is motivated by a rapid growth in the usage rate of current
medical devices, emerging field of biomedical applications, development in wireless

technology, and quality/reliability and provision of wireless healthcare. Therefore, in
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this research, miniaturized antennas operating over different wireless medical
telemetry service such as (WMTS), 1430 MHz, and ZigBee, 868 MHz standard bands
are also proposed. Since different regulatory frameworks may be defined in different

countries, it is necessary to refer to the national licensing authority.

Medical systems commonly use 5.8 GHz, 2.4 GHz, 900 MHz and 433 MHz
bands where the FCC emissions regulations and power level requirements are secured.
The FCC has set very strict rules for well-established MICS band 402 - 405 MHz,
allocated only for implantable medical device applications, to ensure interoperability.
Moreover, the FCC specifically allocated the ultra wide band (UWB) band, 3.1 - 10.6
GHz for broad band applications, and 608 - 614 MHz, 1395 - 1400 MHz and 1429 -

1432 MHz frequency bands for WMTS applications.

According to ACMA, “Australian Radiofrequency Spectrum, Plan 20177, the
band of 918 - 926 MHz is also allocated for medical applications [9]. Moreover,
ACMA nominated the following radio frequency Spectrum for bio medical
applications as tabulated in Table 1-1. Where the use of these bands of frequency for
biomedical application is subject to special authorisation from administrations whose
radio communication services might be affected. Australia has utilised the benefits of
imported VHF wireless biomedical telemetry products under Biomedical Sharing
Broadcast Television Bands arrangements. For many years biomedical telemetry
systems have shared radio frequency spectrum successfully with TV broadcasting
services because of outstanding technical features of both services [10]. Most recent
biomedical telemetry facilities and equipment operate over higher frequency bands.
However, some biomedical devices employed in Australia beforehand may use the
520 - 820 MHz band; low power biomedical devices allowed to utilise unused

television channels for many years.



INTRODUCTION

Table 1-1
FREQUENCY SPECTRUM ALLOCATION FOR BIOMEDICAL APPLICATIONS [9].

Band Start Frq. Stop Frq. Center Frq.  Bandwidth

VHF 40.66 MHz 40.70 MHz  40.68 MHz 40KHz
MICS 433.05MHz 43479 MHz 433.92MHz 1.74 Mhz
UHF 902 MHz 928 MHz 915 MHz 20 MHz
ISM 2400 MHz 2485 MHz 2450 MHz 85 MHz
WMT 5725 MHz 5875 MHz 5800 MHz 150 MHz

1.1.2 Human Body

The human body is complex, dispersive and highly lossy environment for
wireless signals. Accurate analysis and modelling of exposed EM fields and
propagation in human body is one of the main requirements for designing the

implantable and body-worn antennas for wireless sensing.

1.1.3 Array of Antennas

To focus the EM energy on a small desired spot inside the body, the radiated
beam has to be narrow, this can be achieved by employing a properly designed array
of antennas. Hence, the configuration of active array play a key role for the microwave
cancer treatment system. Furthermore, the transmitted signal from the implanted
device inside the body can be received by the body-worn antenna array from different
directions. The performance of the antennas such as directivity, efficiency,
polarization and the sensitivity of the receiver are the main importance for the

receiving unit of a monitoring healthcare system.
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1.1.4 Feeding Network and Coupling Bolus

The feeding network for array of active antennas has to be carefully designed to
match with array requirements and system specifications. This module may directly
effect and control the amplitude and phase of each single element in the array to form
the radiation beam. The feeding network also has to provide quality impedance

matching to maintain the antenna radiation efficiency remarkable.

The coupling bolus is also necessary, especially for high power radiation, to
prevent body skin burns. It also helps to match the antenna impedance when placed

fairly close to the human body skin.

1.1.5 SAR and Temperature Rise

For wireless active healthcare systems, power limits are also determined to avoid
hazardous heating of the biological tissue. Electromagnetic field deposit energy into
the human body when passing through, this will raise the tissue temperature depend
on the exposed power and operating frequency. The temperature increment of human
body by microwave can be defined from specific absorption rate (SAR) and the bio-
heat transfer equation. The bio-heat transfer equation defines pace of the temperature
elevation with SAR, blood perfusion, and thermal conductivity, simply, it represents
the relationship between the rate of electromagnetic energy absorbed into the human

body and the temperature incensement.

The transmitted maximum power from any active implanted device should
comply with the maximum spatial average SAR limitations, 2W/kg per 10 gram

averaging [11] and 1.6 W/kg per 1 gram averaging [12].



INTRODUCTION

1.1.6 Base Station

Typical base stations for healthcare systems consists of different sub-systems
such as receiver module including receiving antennas, control sub-systems to drive the
entire unit, data collecting and storage sub system and internet gateway. The
performance and sensitivity of the receiver, beside lightweight and portability are

essential requirements for realization of systems which target real life applications.

1.1.7 Implantable Antennas

Wireless implantable devices are restricted to electrically small radiators which
need to be fully characterised and effectively coupled to the transceiver. The design
of a particular antenna is the key aspect of a system operating in healthcare monitoring
system. The specifications such as resonating frequency, bandwidth and radiation
efficiency beside coupling with highly conductive biological tissues are crucial for the
data biotelemetry. Moreover, the overall size of the implant depends on the size of the
attached antenna considerably; as the operating frequency decreases, the antenna size

increases, hence, antenna physical size miniaturization is necessary.

1.1.8 Channel Propagation

Another key aspect of the home healthcare monitoring system is the analysis of
electromagnetic wave propagation from the implanted device to the base station. The
study and analysis of the multipath propagation and scattering of the electromagnetic
waves, due to the nearby objects, is essential since the implanted devices mainly
employed for indoor application. The channel analysis beside proper design of the

base station antennas improve the entire system performances significantly.
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1.1.9 Insulations

To avoid any harmful and adverse reaction of the human body living tissues, it
is necessary to use biocompatible insulation for any implantable device. This will also
protect the antenna surface from the tissue fluid. However, the dielectric properties of
such an insulation is different from the free space, so that the antenna radiation

characteristics may change significantly.

1.1.10 Bio Actuators and Bio Sensors

Based on the application and placement of the device in the human body, the bio
actuators and biosensors may be integrated with the implantable device. Active
implants such as drug delivery apparatus or monitoring devices such as capsule

endoscopy and instance glucose meter already employed such actuators and sensor.

1.1.11 Electronics and Power Supply

The functionality of the implantable device, base station and microwave cancer
treatment system depend on the electronic components generating signals or providing
signal processing and data communication. The power supply capacity and power
consumption of the apparatus, determine the lifetime of the device. To extend the
battery life, different solutions i.e. wireless power transfer and energy harvesting are

investigated.

10
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1.1.12 Experiments and Characterization

The last but not least is to validate the calculations results using the equivalent
human body mimicking phantoms, at this stage, it is required to test the performance
of the antenna alone and confirm the functionality of all the components constituting
the wireless systems. For safety and regulatory requirements, it is also necessary to
carry out in vitro and in vivo measurements to verify the appropriate functioning of

the entire system and prior implanting in humans.

1.2 Thesis Outlook

While having a complete system of non-invasive microwave hyperthermia and
wireless implantable and wearable devices in mind, the key focuses of this dissertation

are on the following main aspects of wireless healthcare systems:
- Implantable Antennas for human body
- Embedded antennas in head
- Body-worn arrays
- Arrays for thermotherapy
- Human Body
- Characterization and Experiments.

This thesis investigates the realization of Body-worn antennas, NNF, arrays and
embedded antennas for healthcare systems and biomedical devices. The context and

the organisation of this dissertation are presented in next subsection.

11
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1.2.1 Thesis Outline and Original Contributions

This subsection summarizes the contents, findings and the original contributions
of each chapter of this dissertation. An introduction about the wireless healthcare
system is given in Chapter 2 while each chapter includes a selective literature review.
the four main chapters of this work focus on the realization, design and
characterization of body-worn arrays and implantable antennas. These reviews are

presented in chapter 3, chapter 4, chapter 5 and chapter 6 of this thesis.

Chapter 3, Dual Slot PIFAs for Body Implantable Devices: In this chapter, a
general design methodology for miniaturized DS-PIFAs is presented. This generalized
method is employed to design different compact implantable antennas operating in
different standard biotelemetry bands. These antennas could be used for different types
of implants and applications. Since the antenna radiation performance, including
radiation efficiency, bandwidth, etc., is dependent on the employed human tissue
model, the available possibilities is presented and discussed for mimicking the human
tissue in terms of numerical studies and physical realizations. This chapter is a key
chapter since it establishes the basic background for the concepts and investigations

in the following chapters.

Original scientific contribution: New miniaturized implantable antennas,
covering different biotelemetry bands, are proposed which radiate highly efficient. In
addition, realistic human body employed to validate the performance robustness of the
proposed implantable antennas over a variation of thickness and dielectric properties
of surrounding tissue. This investigation leads to the formulation of a strategy to

design versatile compact embedded antennas.

12
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Chapter 4, Transmitter and Receiver Antennas for Ingestible Wireless
Capsule Endoscopy Systems: This chapter has three main sections, the first one deals
with the utilization of advance loop antenna structure for highly efficient wireless
capsule endoscopy antenna. The second part of this chapter investigates the suitable
receiving antenna that its radiation performance is perfectly match with the proposed
folded loop antenna integrated with the wireless capsule endoscopy microsystem. This
potentially improves the overall system performance specifically the transmission
from the embedded antenna inside the human body to the external receiver. The
proposed body worn antenna later employed to design an array of body worn antenna
to enhance the communication quality. The third part quantifies and estimates the loss
of a communication path between the wireless capsule device and base station antenna
used for receiving high quality images. The path losses must be precisely estimated to
establish efficient communication. Therefore, 1 estimate and verify the path loss
between the proposed printed loop antenna and body worn array for a power transfer
communication. I also evaluates the effect of variation of capsule location and

orientation on the path loss for in-on body communications.

Original scientific contribution: The proposed folded coplanar loop antenna
shows a very wide band impedance bandwidth, small size and reduced absorbed power
by GI tract. In the other hand, the proposed CP body worn array is perfectly match
with the wireless capsule endoscopy system requirements and improves the
communication link quality. The results of pathloss estimation provides a good source
of data for engineers and doctors in the field. It also represents the link margins for

different locations and orientations of the wireless capsule inside the body.
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Chapter 5, Miniaturized Antennas for Head Implantable Devices: Design,
realization and in vitro characterization of head implantable antennas are presented in
this chapter. The proposed radiators are designed according to the strategy formulated
in the previous chapter. Design process is based on multiple aspects such as antenna
size, radiation efficiency, bandwidth, possible interference as well as SAR values. The
resulting miniaturized radiators could cover different biotelemetry bands suitable for
head implantable devices, furthermore, the proposed SS-PIFA has triple band
capability appropriate for body implementation. The analysis in this chapter delivers
useful guidelines for a precise evaluation of the radiation performance. This chapter
also elaborates effective parameters that must be considered during the design and
surgery processes. The related measurements including SAR in the experimental

mimicking phantom are presented.

Original scientific contribution: The state of the art head implanted radiators
are proposed in such a way that clearly identify the challenges for the realization of
such antennas. I present three new categories of implantable antennas all featuring
superior physical and electromagnetics characteristics. The original strategy for the
design and validation of head embedded radiators is presented based on the

comprehensive knowledge acquired.

Chapter 6, Near Field Focused Body-Worn Array for None-invasive
Microwave Hyperthermia: In this chapter, a derivative investigation of this study for
near field focusing array design is presented for none-invasive microwave
hyperthermia application. It covers the NFF array design as well as the calculation and
measurement results of the proposed system. Various compact antenna array
topologies are discussed and process variations are considered during the array design

to achieve robust applicator. The comprehensive knowledge necessary for the design

14
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of NFF array immersed inside a dielectric bolus and placed close to the lossy
biological tissues is presented and their consequences on the characteristics of the
proposed array are discussed. Consequently, the necessary electronics interface
including array feeding network is designed and optimized in great detail to achieve
the most reliable focusing properties. This chapter deals with the measurement of
compact NFF antenna array at the component level. Effects of mutual coupling
between array elements when characterizing the radiators impedance matching

properties, in presence of human body phantom, are discussed.

Original scientific contribution: The proposed NFF arrays answers to minimum
number of hot spots requirements, small focusing area demands and tight packaging
constraints. The novel compact applicator optimally integrates with all the
components of none-invasive microwave hyperthermia systems. Realistic human
tissue phantom are employed to provide extensive information on focusing and

temperature distribution performance of the proposed array.

Finally, this dissertation concluded, in Chapter 7, by signifying the major
findings in this study as well as recommendations as a continuation of this research

work.
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A REVIEW OF EXISTING LITERATURE

CHAPTER - 02

2. A REVIEW OF EXISTING
LITERATURE

2.1 Background

The challenging demand to achieve miniaturized implantable device and
robust communication links reflects on complexity of the embedded antenna design.
In fact, the radiator, among all the components required for implantable biotelemetry
device, is a key component for improved wireless performances and miniaturization

of the entire device.

Implantable systems are widely studied for several fields of applications such as
tracking for both animals and humans (i.e. tracking lost pets or dependent people) [13].
Furthermore, embedded small microstrip patches have been employed for numerous
sensing applications such as sensing the existence of dielectric materials [14, 15],
measurement of moisture [16] and dielectric properties [17, 18], and geophysical
applications such as well logging [19, 20]. In addition, wire antennas, coaxial antennas
and arrays implanted in a number of lossy environments have been previously
investigated for such applications [13]. Furthermore, miniaturized antennas have also
been employed therapeutically for different applications such as cancer treatment i.e.

microwave local hyperthermia [21], monitoring vital signs or transmitting data such
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as intracranial pressure and gastrointestinal (GI) tract images, cardiac ablation [22]

and balloon angioplasty [23].

For instance, to enhance the quality of life for patients transferring diagnostic
information using wireless technology from an implanted electronic device to an
external RF receiver, such as a pacemaker for human safety and care, has been
investigated in [24]. Patients with the biomedical device implanted in their body
frequently coming back to the clinic for examinations and checkups to verify their and
the implant status. The recorded data by the embedded device would be wirelessly
transmitted to the base station by employing the RF wireless technology. This might
be happening while the patient is waiting in the sitting room and waiting in the queue.
More over some patients may need more regular checks even every day or every six
hours. In this case a home healthcare monitoring system can be used where patient
lives and then the unit communicates with the medical embedded device and may also
connected to the internet or digital landline to send and receive data frequently to the

base station located in the hospital [25].

In this chapter, a review of literature for wearable and implantable antennas
featuring narrow and wide band useful for biomedical applications will be reported.
Depends on the application, the location of the implant, so that the antenna, will be
determined, this could be anywhere close to the human body for body-worn antennas
or most commonly positions inside the human body such as head, arm, chest, eye and

tooth for implantable antennas and devices.
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2.2 Implantable and Wearable Antennas

Several types of antennas have been proposed for a range of implantable wireless
communication applications. Traditionally wire coils are employed for both data
transmitting and power coupling. However, the performance of these systems is
restricted by their poor efficiency and limited operating distance. Moreover, coils of
wire around a ferrite or dielectric core, called Inductive antennas, have been
successfully employed for biotelemetry [26, 27], although, size and weight cause
serious issues beside the low data rates. Also dipoles and microstrip antennas
implanted in the arms and the shoulders were investigated for cardiac telemetry using

the Finite Difference Time Domain (FDTD) method [28, 29].

Implantable and body-worn antenna design faces major challenges including
size miniaturization, impedance bandwidth enhancement, improved radiation
performance, and patient safety [30-32]. In this context, electrically small implantable
antennas form an essential and integral part of any biomedical wireless
communication system, the implanted antenna acts as a transmitting radiator in the
proposed one-way communication link. To establish efficient and effective wireless
links with the implanted device, a corresponding wearable receiver wideband antenna/
array has to be designed with unidirectional radiation characteristics, circular
polarization, high gain, small size and low profile. Furthermore, to deposit EM energy
for microwave hyperthermia cancer treatment, it is necessary to design an array of
antennas as an applicator featuring small size, low profile, high gain and low side lobe

level (SLL).
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2.2.1 Implantable Antennas: Applications and Miniaturization

For wireless healthcare system, not only the antenna technical specification is
dictated by the system requirements but also the antenna physical characteristics such
as size and shape is determined by the space available in the system. This is more
challenging when dealing with implantable radiators for biotelemetry applications.
Implantable devices such as cardiac pacemaker and continuous glucose monitoring
devices should to be implanted in the chest. Design of a dual band implantable antenna
for continuous glucose monitoring which could be implanted either in chest or arm is
presented in [31] by Topsakal et al. This work demonstrate design of a dual band small
size implantable antenna proposed for continuous glucose monitoring applications

using ISM band 2.4 GHz and MICS band 400 MHz.

Moreover implantation in head is also studied in [33, 34] for application such as
increased intracranial pressure (ICP) monitoring, tracking of persons with Alzheimer’s
disease, brain wave sensors for paralyzed patients and etc. Characterization of
implantable planar inverted-F antennas (PIFAs), designed for ICP monitoring at 2.4
GHz, is presented in [35]. Since the human body is a diverse multi-layer media with
varying dielectric properties, the surrounding tissue of the implanted device has
significant effects on the antenna performance; however, high performance antennas
still can be used for different locations and biomedical applications inside the human

body [36].

Choosing a higher resonance frequency band such as ISM band 2.4 GHz is
another alternative way to reduce the antenna physical size. Additionally, a larger
bandwidth is covered by ISM band allows for higher bitrates. Implantable H-shaped

slot antennas are proposed for 2400 MHz ISM band [37, 38]. To validate simulation
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results, measurements are carried out but no biocompatible material used to surround
the antenna and the feeding cable. Dual band biomedical implantable radiators are
presented in [31, 39] operating at MICS and ISM bands. Measurements are conducted
employing human skin mimicking gel and in rat skin phantom respectively, however,
none of the antennas are not surrounded in biocompatible cover. In [40] the presented
cardiovascular stent, resonating at 2400 MHz, implanted in a live porcine subject.
However, the stents have no insulation material and have a direct contact with the
tissue. Furthermore, the communication range is short due to the extreme attenuation
of EM field in human body at 2.4 GHz. Here, for implantable biomedical applications,
designing electrically small antennas are extremely challenging because of the effect
of the environment on the antenna, the robust effect of multipath losses and the
essential requirements to reduce the antenna size so that reduced antenna efficiency
[41]. To increase the communication rang and reduce the power absorption of
electromagnetic signals in the human body, standard frequency bands below 1 GHz
are preferred; this can result in larger antenna size. One way for miniaturization is to
use higher frequencies to obtain smaller antenna sizes but this can come at the cost of
larger attenuation of the signal in the human body. Consequently, miniaturization

becomes one of the main challenges in implantable antenna structure design.

The small size implantable antenna can help to reduce the invasive surgical
procedures during the implantation. Human body tissue, in which implantable devices
are supposed to operate, reduce wave propagation velocity due to fairly high
permittivity characteristic; this can be useful to reduce the physical size of the antenna.
However, the level of miniaturization achieved may reduce when low permittivity
biocompatible materials are used as superstrate layer to cover the antenna for safety
reasons; this decreases the value of the effective permittivity [41]. Employing a thicker
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superstrates could increase the resonant frequency of the radiator, therefore, to re-tune
the resonance frequency, the antenna physical dimensions needs to be adjusted [42].
On the other hand, superstrate consists of thin layers of dielectric materials with higher
permittivity are preferred for small embedded antenna for biotelemetry. Therefore,
introducing advance miniaturization techniques are necessary to fulfil the wireless

healthcare system requirements.

Microstrip patch antennas are also employed for implantable devices as their
physical size could be reduced more effectively using different miniaturization
techniques [43]. These methods may be used individually or in combination to reduce
the antenna physical size at specified operating frequency while maintain the antenna
radiation performance as required. These techniques, introduced in the literature, can

be categorise as follow:

1-  Increasing the current flow path on the radiator surface: By providing a longer
effective path for the surface current flow, the resonance frequency of the
radiating patch decreases so that it is possible to achieve a more compact size
for the implantable antenna. Spiral and meandered [44], waffle type [45], and

hook slotted [46] shaped radiators are miniaturized using this method.

2-  Patch stacking: Vertically stacking two or more radiating patches properly
reduces the antenna size by increasing the current flow path length [36, 47]. A
miniaturized stacked structure antenna, built on Rogers 3210 substrate, using
meandered patches is proposed in [47], the radiator operates in the MICS band
and has a small volume of 214.9 mm?. However, these types of antennas, stacked

patches, have quite low radiation efficiency.
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3-  Employing high permittivity dielectric materials for substrate and superstrate:
high permittivity dielectrics materials increase the effective wavelength and

result in lower resonance frequencies, so that helping antenna size reduction[36].

4-  The shorting pins: the effective size of the radiator may increase by employing
shorting pins between the patch and the ground plane, in return, the antenna
physical size can be reduced at a particular resonating frequency. When only a
single pin is employed, the shorted antenna structure is similar to PIFA structure
[48].

5-  Combination of above techniques: small antennas reported in the literature
combine all or a few of the above mentioned miniaturization methods in order

to reduce the size of the antenna.

In next subsections, I will review the current literature for the wearable and
implanted antennas immersed inside the human body chest, arm, GI tract, and head,

and placed close by the body skin for body-worn applications.

2.2.1.1 Chest Implantable Antennas

The most common locations to implant a biomedical device are chest, head and
arm [30-32, 49-51]. Implantable devices such as cardiac pacemaker and continuous
glucose monitoring devices need to be implanted in chest. For existing continuous
glucose monitoring devices, the subcutaneous biosensors are used and connected to a
microwave transmitter outside the human body. There are several issues associated
with these systems, such as frequent replacement for the battery, long response time
of 3 — 5 minutes for the sensor, replacement of the glucose sensor every 2 — 3 days and

the RF unit is not small enough so that adding discomfort for the patient already

23



A REVIEW OF EXISTING LITERATURE

wearing an insulin pump. As an alternative to the current continuous glucose
monitoring devices, Topsakal et al. [31] introduced a compact long-term implantable
continuous monitoring device. The fully implantable system includes an interface
circuit with transmitter antenna and a biosensor. The biosensor collect the data and the
interface circuit processes this information and transmits the relevant results through
the radiator to either a nearby base station (personal computer) or an external wearable
device. The presented dual band implantable radiator resonates at 2.4 GHz, ISM band
and 400 MHz, MICS band [31]. The radiator has been optimized for dual band
operation using the combination of the particle swarm optimization algorithm and a
finite element boundary integral electromagnetic simulation code. The gels mimicking
the dielectric properties of the human body skin are developed to validate the antenna

performance in vitro.

Flexible folded slot dipole antenna implantable resonating at 2.4 GHz ISM band
has been presented in [49] for biomedical applications. The proposed small antenna is
sealed off using biocompatible Polydimethylsiloxane (PDMS) to protect the antenna
and the tissue. The antenna impedance characteristics calculated and then measured
using the MSL2450 liquid, provided by Speag, imitating the dielectric properties of
the human muscle at 2400 MHz. SAR measurement also indicates that the radiator
meets the required safety regulations. The sensitivity of the radiator performance as a
function of the surroundings dielectric parameters has been investigated for different
human tissues. The dielectric nominal values were varied from 20% smaller to 20%
larger to confirm that the radiator operates properly for different type of the human
body environment. The disadvantage of this antenna is its low radiation efficiency and
impedance bandwidth of the proposed antenna. Generally, to improve the antenna
gain, fractional bandwidth and efficiency adding a superstrate layer of high relative

24



A REVIEW OF EXISTING LITERATURE

permittivity could help [31]. The loading of the superstrate slightly improves the
impedance bandwidth, decreases the operating frequency and the resonant resistance.
Another way to achieve a compact antenna is to integrate the antenna with the RF
circuits on the same chip, but this can also enhance losses due to the resistivity of the

substrates [35].

In recent years, several research work performed on small sized antennas for
implanting inside the human body [30, 31], [49-51]. Among these, the design of
embedded patch radiators resonating at lower frequency bands such as MICS band has
drawn much interest. Kim and Rahmat Samii [50] reported the resonance and
impedance characteristics of PIFA and spiral microstrip antennas operating over
MICS band, 400 MHz. In this work, Finite Difference Time Domain (FDTD) code
and the spherical dyadic Green’s function (DGF) expansions are applied to analyze
the electromagnetic characteristics of low-profile patch radiators and dipole antennas
immersed inside the human head and body. Shoulder effects is also considered on the
dipole antenna performance immersed inside the head employing FDTD method.
Furthermore, two types of low-profile antennas, a PIFA and a spiral microstrip
antenna, with superstrate dielectric layers are initially designed for biomedical devices
to be implanted in the human body chest. However, all of the proposed antennas have
large structure, occupy high volume of space and not suitable to tune for higher

standard frequency bands such as ISM band 2400 MHz.

In a recent study, a small size embedded dual band antenna, with dimensions of
23 x 23 x 2.5 mm?, has been proposed [51], the antenna resonates at 400 MHz, MICS
band, and 2400 MHz, ISM band. The effects of the live human tissue on the
performance of the antenna, including measurements in vivo, has been investigated.

Three identical antennas have been designed and fabricated that were surgically
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implanted into rats; X-ray imaging was also used to make sure that the antennas are
properly placed within the rats. Moreover, investigations also performed for the
possible materials to coat the antenna for the biocompatibility. The fabricated antenna,
printed on Rogers RO3210 (& = 10.2, tan 6 = 0.003), was in vitro tested using both
real skin samples and rat skin mimicking materials. Measurements results on reflection
coefficient revealed that calculation set up needs to be redesigned to simulate the
realistic environment properly for the antenna implantation. The performance
comparisons for the embedded antennas, proposed in the literature [47, 50, 52-56] for
biotelemetry applications, are tabulated in Error! Reference source not found.. This
indicate that the PIFA configuration is the common structure type used for implantable

radiator design.

Table 2-1
PERFORMANCE COMPARISIONS FOR THE STATE OF ART ISM-BAND IMPLANTABLE ANTENNAS

Antenna  Volume/Size Bandwidth  Peak lg-avg  Miniaturization Input

Ref. Type m® Si d§ -10 Gaip SAR Method Power
B dBi W/Kg mW
[52] PIFA  12.5x12.5x1.27  7.26% -29 190 Meandered PIFA 7.8
[53] Patch 10x16x1.27 22.8% -30.5 609.2 Meandered Slot 2.63
[54] Diploe 16.5x15.7x1.27 37.8 -33.5 748 Loop loading 1.88
[55] Monopole  18x16x1 33.5% s(iir;rr‘:t‘;
[50] PIFA 6144 5.95% --- 209 77? 7.656
[47] PIFA 203.6 6.72% -37 324.7 Stacked 4.928
[56] PIFA 121.6 30.3% -38 900 Meandered 1.78

2.2.1.2 Arm Implantable Antennas

Arms and shoulders of human body are another parts of the human body that

can be used for implanting biomedical devices. Compare to the chest and head, these
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parts of the human body are relatively small, so that more miniaturization would be
desirable for the implants. In the literature, small implantable antennas have been
proposed using stacked PIFA structure to miniaturize the size of antennas as well as
improving the impedance bandwidth. This include spiral PIFAs [50], [48] the
rectangle stacked PIFA [57], the meandered PIFA [58], and the circular stacked PIFA
[59]. Although the antenna proposed in [59] is as small as  x (7.5)> X 1.9 mm?, and
the one presented in [57] has the remarkable compact size of 10 x 10 x 1.9 mm?, both

of the antennas provide a narrow fractional bandwidth.

Koichi Ito, et al. [30] demonstrated use of implantable devices as a future tool
for in-body wireless communication and explained the implantable devices potential
to upgrade the cable connectivity for the biological telemetry monitoring. The
proposed small size folded antenna has dimension of 0.8 x 0.8 x 20.3 mm® operating
over the UHF band, 951 - 956 MHz. The presented antenna could be used in small
implantable devices such as capsule. The measurements are carried out using
equivalent human body arm phantom. The antenna has a maximum gain of -23.5 dBi,
also, the wireless communication is possible since the margin exceeds 20 dB, based
on the link budget calculations. Additionally, different numerical mimicking
phantoms for human arm such as rectangular, cylindrical, and layered phantoms are
employed and investigated based on the strength of the electric field and the far field
radiation performance. The advantage of the proposed antenna is its low radiation

efficiency and narrow impedance bandwidth at resonance frequency.

The stacked PIFA structure is the most used antenna structure to have the
impedance bandwidth wider and reduce the antenna size. In the literature, different
shape of stacked PIFAs including the circular stacked PIFAs, the meandered PIFAs

and the spiral PIFAs has been presented. However, these antennas have a very low
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radiation efficiency and generally narrow impedance bandwidth for practical
applications. A miniaturized implantable broadband stacked antenna for biomedical
applications presented in [57]. The three layer rectangular patch antenna, resonating
at 400 MHz MICS band, has the size of 10 x 10 x 1.9 mm? that has an fractional
bandwidth of 10%. The presented antenna has a small electrical size, however, the

radiation efficiency is quite low, 0.65%.

A small stacked PIFA radiator, for implantable biomedical applications,
operating in MICS band is presented in [60]. The radiator structure consist a three
layer round PIFA structure which its round structure is easy to be implanted in human
body. The antenna is printed on Rogers 3210 substrate and has dimensions of © x
(7.5)* x 1.9 mm?, with a bandwidth of 50 MHz at return loss of -10 dB measured at
operating frequency of 402 MHz. The 1-g averaged calculated SAR, for the proposed
small antenna, meets the requirements of American National Standards Institute
(ANSUIEEE) for short range biotelemetry. The performance comparisons for the
embedded antennas, proposed in the literature for biotelemetry applications, are

tabulated in Table 2-2.

PERFORMANCE COMPARISIONS FOR THE SEZII;]I:(; ?ART ISM-BAND IMPLANTABLE ANTENNAS
;)}211:1;}; Type Sf;dciiaetrﬁr; Vol. mm?
[49] Slot dipole 0.34% 500
[62] Annular slot 1.1% 450
[69] Spiral antenna 0.5% 600
[70] Cavity loaded 0.88% 120
[72] PIFA 1.5% 315

Liu et. al. [56] introduced a stacked PIFA with embed hook shaped slots at the

edges of the radiating patches suitable for implantable biotelemetry devices. The
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antenna consist of three layer stacked PIFA with compact size and good radiation
characteristics. The presented 400 MHz radiator has a total size of 8 x 8 x 1.9 mm?
and provides a monopole like radiation pattern. The embedment technique of shaped
slots into the radiating patches was employed to increase the length of the effective
current path so that achieving more compact size and wider bandwidth than those
reported in [57, 59]. Although the antenna covers a wide fractional bandwidth of 18%
which simply satisfy MICS band requirement, however, the radiation efficiency is

only 0.55% which is quite low.

2.2.1.3 Ingestible Capsule Type Microsystems

Ingestible capsule devices capable to transmit images from inside the human
body have revolutionized wireless biotelemetry systems in the healthcare area [61].
These microsystems may also employ for measuring the physiological parameters
such as pH value, temperature and pressure inside the human body at different parts
of the GI tract. The capsule travels in GI tract because of the peristalsis activity, results
in random orientation for the capsule, so that establishing a continuous robust
communication link is extremely challenging. Therefore, the radiator needs to be

electromagnetically characterized in details [50].

2.2.1.3.1 Radiators for Wireless Capsules

Antenna inside the capsule has a key role as the quality of detected signal is
dependent on the antenna performance inside the human body. Several antenna
designs have been proposed and implemented for the ingestible wireless capsule

devices including the spiral antenna [62], helical antenna [63], conformal meandered
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dipole antenna [64] and patch antenna with complementary split-ring resonator
loading [65]. The radiator design solutions face various challenges including limited
available room inside the capsule, human body effects, interaction and coupling with
other electrical components inside the capsule device, diverse polarization because of

the random orientation of the device.

To overcome these issue, a comprehensive radiator performance evaluation
between two different ingestible radiators resonating at 1430 MHz, WMTS band has
been presented [66]. Moreover, a systematic evaluation of the wireless biotelemetry
characterization for the presented inverted conical helical antenna and the reference
conformal meandered offset dipole antenna is also implemented. The antennas are
small and resonate within a standard frequency band, however, the bandwidth is not
wide enough for wireless endoscopy systems, the provided fractional bandwidth must
be wide enough to compensate the shifting in center frequency [54, 67] due to the

varying dielectric properties of different surrounding tissues.

For the patient comfort and safety, the antenna has to be small while its radiation
efficiency has to remain reasonable, the enhanced antenna radiation efficiency may
extend the device battery life and allow high data rate transmission. Conformal
configuration for the antenna design useful for capsule endoscopy beside printed
patches on dielectric materials are also investigated [41, 68, 69]. To reduce the
occupied space by the radiator inside the capsule and save the space for the necessary
components, the printed radiator on the wall of a capsule has been proposed in [64,
70]. However, these antennas are more sensitive to surrounding environment variation
results in frequency shifting. Therefore, the antenna structure ideally has must be less
sensitive to the variation of dielectric properties of human body tissue especially GI
tract [62, 64, 70, 71].
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Flexible substrates are also employed to introduce a patch loaded with a
complementary split-ring resonator in [65], covering the ISM band at 2.4 GHz.
Radiators operates in ISM band can provide higher bandwidth allows transmit high
resolution images and larger amount of data. A multilayer miniaturized circularly
polarized helical antenna for capsule endoscope systems is presented in [67] operating
in ISM band. However, the ISM band, 2400 MHz, is not suitable for wireless
communication deep inside the human body compare to MICS 400 MHz as it leads to
higher absorption loss. The performance comparisons for the embedded antennas,

proposed in the literature for biotelemetry applications, are tabulated in Table 2 2.

TABLE 2-3
SIZE AND PERFORMANCE COMPARISON OF THE CAPSULE TX ANTENNA

Ref. Fr?\c}[ﬁ;cy Antenna Type ;:licdt;?::ﬁlll Vol. mm?
[65] 400 Outer-Wall Loop Conformal 60% 150
[62] 500 Spiral antenna 21% 390
[66] 2400 Meandered dipole 35% 350
[63] 2400 Helical antenna 22% 300

2.2.1.3.2 Body-worn Antennas

Wireless communication systems that enable data transfer between wearable and
electronic devices implanted into the human body are so called Wireless Body Area
Networks (WBAN). Such systems attract much interest for various applications
including medicine and health care, sport, biomedical imaging, indoor localisation and
tracking, cognitive radio, radars and etc [72, 73]. Wideband body-worn antenna
solution has also developed for wireless body area communication interface with high
data rate in the future telemedicine systems [74, 75]. For wireless healthcare
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monitoring systems, active devices implanted in human body facilitate movement
among patients and allow faster diagnosis, thus, improve the patient quality of life.
For instance, development of wireless capsule endoscopy system enabled the
examination of the small intestine in GI tract which cannot be seen clearly by other
types of endoscopy. Body-worn antennas form an important part of the remote patient
monitoring biotelemetry systems. To communicate with capsule inside the
gastrointestinal tract the base station antennas play an dominate role to detect the low

power transmitted signal from the capsule inside the body [76].

For a reliable communication link between the capsule and the base station,
using small antennas with circular polarization is necessary since the GI tract is not a
straight and the capsule orientation may changes frequently results in polarization
mismatch. A ground radiation antenna operating in ISM band, 2400 MHz, with
circular polarization (CP) properties is presented [77] for biotelemetry applications.
The CP radiation property is achieved using an asymmetric antenna structure with
respect to its coplanar waveguide (CPW) feed. Reactive components such as two
capacitances are included to obtain the impedance matched as well as those
requirements to generate the CP waves. The tuning mechanisms for the capacitances
are provided and the effects of varying them are also studied. The presented radiator
exhibits a wide axial ratio bandwidth and a low profile which is less than 1 mm
including two biomedical coating layers. Although the antenna (implantable) has not
been designed for wearable applications, yet, it is still possible to use the design
concept for body-worn CP antennas. A low profile slot patch antenna for on body
wireless biosensor is also presented in [78] useful for the medical body area network.
The radiator, resonates at 2400 MHz, consists of a patch with slots for radiating
element and a rectangular loop for balanced feeding. The radiator is designed using

32



A REVIEW OF EXISTING LITERATURE

flexible printed circuit board (FPCB) and has a size of 70 mm x 25 mm x 1 mm. To
improve the antenna gain, bandwidth and efficiency air substrate is employed.
However, the size of the antenna is large, to satisfy the patient comfort, the receiving
element must be electrically small featuring low profile while its radiation efficiency

has to remain reasonable.

PIFA type antennas with different configurations are also proposed for wireless
body area network (WBAN) applications [79, 80], however, the occupied volume is
large and the polarization is not circular. A general design of the coplanar waveguide
excited IIFA, traditionally excited by a microstrip is presented [81]. This coplanar
excitation permits the bandwidth improvement up to 50% by exciting a new resonance
on the ground plane. These antennas cover only the ISM band at 2.4 GHz. Since the
wireless capsule device transmits data, using 400 MHz carrier frequency, the base
station receiving antenna has to operate within the same frequency band to detect the
transmitted signal. Furthermore, since the GI tract is quite long and large, it is
recommended to employ more than one antenna, as receiving on-body antenna, to
enhance the received signal quality, this can also be useful to form an array of antennas
which can be employed to localize the capsule location while it is traveling through

the digestive system.

The physical layer characterization is another important step for design and
development of in-to-out body communication for WBANS. In the literature, on-body
propagation has been investigated widely [74, 75, 82-87], however, less literature is
available for the propagation loss modelling of in-to-out or within the human body
communication link [47, 88-90] which are mainly focused on ISM band 2400 MHz.
The path loss (PL) of a wireless link (in-to-out body) for the capsule endoscopy

system, between the wireless capsule and the receiver outside the body, has been
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investigated [76]. The FDTD 3D electromagnetic solver is used to predict the PL
numerically and the effects of the different dielectric properties of the human tissue
on the path loss is also evaluated. A spiral antenna is tuned, to operate in MICS band
400 MHz, as the transmitter antenna inside the capsule, and for the base station
antenna, a half wavelength dipole (reference antenna) is employed. Additionally, the
effects of different human tissues at various frequency bands are characterized in [91]
for an in-to-out channel, however, the radiator design was not specified. The
performance comparisons for the embedded antennas, proposed in the literature for
biotelemetry applications, are tabulated in Table 2-4.

TABLE 2-4
S1ZE AND PERFORMANCE COMPARISON OF THE CAPSULE RX ANTENNA

Reference Freq. Band Type Bandwidth  Vol. mm?
[82] 400 MHz  Folded meandered dipole 12% 4000
[83] 400 MHz Circular patch 5% 880
[84] 400 MHz Fractal antenna 3% 6200
[85] 2400 MHz Button antenna 4% 6900

2.2.1.4 Head Implantable Antennas

Antennas suitable for implanting inside the human body head have also been
investigated. People suffering from craniocerebral trauma due to the skull injury as
well as patients facing neurological disorders such as hydrocephalus need monitoring
of increased Intracranial Pressure (ICP) for their medical management [92]. Increased
ICP may leads to permanent damage to the patient’s brain or cause disability or even
death. In recent years, the communication link performance of a small loop antenna
resonating at 400 MHz, MICS band, is characterized when placed under the scalp for
ICP monitoring [93], while in [94], comparative analysis carried out for short dipole

and loop antennas embedded in human head phantom for several frequency bands.
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Arye Rosen et al. [33] developed and verified a compact implantable wireless
ICP sensor, incorporating a small radiator and packaging preparation. To demonstrate
the robustness of the proposed RF pressure monitoring device, experiments
implemented in both vivo and vitro. Moreover, the results of employing the DICP
device for dynamic ICP monitoring in a swine model of traumatic brain injury (TBI)
is also provided. The device structure is a combination of small and thin radiator
implementation and packaging material to achieve acceptable radiation efficiency
through the scalp. The presented antenna is an annular slot radiator with coaxial
feeding from the back side. The fabricated antenna has dimensions of 20 x 22 mm
which is not small enough for patient comfort. Based on the thickness of coating The
antenna can achieve an efficiency of 0.5% — 1.0% when it is implanted inside,

however, the radiation efficiency of the radiator is not the best obtainable.

Monitoring and controlling of the ICP are necessary for the treatment of the
people suffering from the head injuries (e.g., traumatic brain injury) and diseases of
the brain such as hydrocephalus. Improved RF components and downscaled electronic
subsystems are motivating research and development in the area of biomedical
wireless implants [95-97], which are expected to improve patients’ comfort and reduce
healthcare costs. Nikita et al. [36] demonstrated performance of a miniaturized
implantable antenna immersed inside the human head for wireless indoor healthcare
systems. The presented small biocompatible antenna operates in MICS band 400 MHz
and has a radius of 4 mm suitable for integration with wireless biotelemetry devices.
Although implantation in head has been investigated for several biomedical
applications such as integration in ICP monitors, trackers for patients with
Alzheimer’s disease, brain wave sensors for paralyzed persons etc., the radiator can
also be used for different wireless biotelemetry applications as well. The antenna
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consists of a circular ground plane with radios of 4 mm and two vertically stacked
circular meandered radiating patches with radios of 3.9 mm. The radiating patches are
printed separately on an alumina substrate (er = 9.4, tanc = 0.06) with 0.25 mm
thickness. An alumina superstrate layer with 0.15 mm thickness covers the structure
to preserve its robustness and biocompatibility. SAR conformance with IEEE C95.1
2005 and excellence of the communication link with an external receiving antenna are
also confirmed. The size of the antenna is quite smaller than previously reported work
in the literature resonating at the same frequency, however, the radiation efficiency is

only 0.80% which is quite low.

Warty et al. [35] demonstrated use of PIFA at 2.4 GHz ISM band for scalp
implantation to monitor ICP. Embedded PIFA with a serpentine radiator was reported
in [48] where as a waffle-type antenna built on silicon substrate was investigated in
[45] to improve the radiation efficiency. However, these antennas also limited by their
large volume. Since the structure size of the antennas are large and not suitable for
increasing the effective length of the current flow path, and hence any further
miniaturization may not be achievable. A smaller radiator with a stacked and spiral
structure was developed in [34] which support triple band operations. The radiator
resonates at different frequencies such as 2400 MHz, ISM band, and 400 MHz and
433 MHz, MICS band, employing a m-shaped radiator with a stacked and spiral
structure. The experimental prototype of the compact stacked antenna with the
compact size of 254 mm? is printed on Roger 3210 substrate. The designed antenna
was used in a rectifying antenna (rectenna) for 433 MHz RF powering transmission,
and can provide 86% conversion efficiency at 433 MHz when 11 dBm RF power was
received by the antenna. However, for measurements, it fails to cover 2.4 to 2.5 GHz
fully (only a small part of the band can be covered).
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Microstrip structures for embedded antennas has attracted much of interest due
to the flexibility in design. Several methods has been introduced to reduce the size of
the antenna such as spiralling the conductor geometry, using high dielectric substrate
materials, etc. Chung et al. [48] employed microstrip antennas configuration for
potential use in biomedical wireless implants. The proposed microstrip radiator
operates in MICS band, 400MHz, and its design parameters are investigated using the
FDTD method and then compared with measurement results. The effects of the length,
size, shape, substrate and superstrate thicknesses and materials, location of feeding
point and ground plane are investigated. The proposed antenna is not small enough
(17 mm x 27 mm) to be implanted in human body. Microstrip patch antennas have
also been investigated for implantable applications by Soontornpipit et al. [45], who
evaluated serpentine and spiral antennas at 400 MHz. However, these antennas also
limited by their large volume, further size miniaturization was reported in the literature
[56, 57, 60] using vertically stacked radiating patches and multilayer structures to
increase the path length of the current flow. However, even these antennas could not
be reduced in size and can cover only one single frequency band (i.e. 400 MHz).
Stacked PIFA elements with very compact volume of 32.7 mm? were also reported in
the literature [36]. Although these antennas have a smaller size, however, the radiation
efficiency is still low. Furthermore, several applications in wireless healthcare
telemetry need multiple bands of frequency to operate; none of these antennas can be
made to cover multiple frequency bands. Hence, there is a need for compact
implantable antennas that can cover multiple frequency bands viz., MICS (433 MHz),

WMTS (1400 MHz) and ISM (2.4 GHz).
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2.2.1.5 Wearable Active Arrays for Cancer Treatment

Surgery, chemotherapy, and radiotherapy are the most commonly used
treatments for cancer; however, a new method called microwave hyperthermia is also
evolving rapidly [98, 99]. Generally, hyperthermia is a form of cancer treatment
exposing cancerous tissues to controlled high temperatures which may results in
destruction of cancer cells. Based on the difference in thermal sensitivity between
healthy tissues and tumors, the raised temperatures cause minimal damage to
surrounding normal tissues. The healthy cells are able to dissipate the artificial heat
quick and effectively while most of the tumours do not have this capability [100-102].
Therefore, to ensure the most effective treatment is provided without compromising

the peripheral cells, heat levels must be constantly monitored during the treatment.

Methods of hyperthermia treatment, also referred to as Thermal Therapy, may
differ based on the cancer growth type. Treatment can be whole-body, regional or local
hyperthermia, depending on the extent of the area being treated [103, 104]. Whole
body hyperthermia is used for metastatic cancers which have spread throughout the
human body. Whole body heating is being studied as a way to make chemotherapy
more effective in treating spread cancer. Here, body temperature may be raised by
employing thermal chambers, whole-body warm-water immersion or electrical
heating blankets. On the other hand, in regional hyperthermia a part of the human
body, such as a limb, organ, or body cavity may be heated. Generally, the generated
heat in this method is not sufficient to destroy all the cancer cells in the target so that
this method is usually combined with chemotherapy or radiation therapy. Unlike the
X-ray radiation used in conventional radiotherapy, this method is not radioactive and
employs advance technology to target and destroy tumours and not harmful to

surrounding normal tissue.
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EM wave technology is finding applications in local hyperthermia, exposing
microwave energy generates heat inside the human tissue. Here, high temperatures are
used to kill the local cancer cells and may destroy nearby blood vessels when radio
frequency waves are not controlled properly [105]. Near-field focused (NFF) array
antennas are capable to focus the electromagnetic waves in small prescribed regions
such as tumors so that useful for microwave thermal therapy [106-109]. Since most of
the tumors are located in the near field zone of the antenna array, employing array of

antenna performing near field focused radiation is necessary.

Various non-invasive microwave hyperthermia applicators are presented and
experimentally analysed in the literature to heat up the cancerous cells and destroy
them permanently [110-112]. For instance, to kill tumors located in the superficial
regions of the breast, head and neck, arrays of microwave small antennas have been
employed [113-116]. Moreover, extensive theoretical and experimental work has been
carried out to introduce non-invasive focused hyperthermia systems using complete
ellipsoidal beam-formers [117, 118]. Here, to achieve superficial and deep focused
NI-LMH, different operating frequencies used beside an arrangement of several
dielectric matching layers placed around multi-layered head model. Ishihara et al.
[116] employed a homogeneous human tissue phantom and introduced a re-entrant
cavity hyperthermia applicator to heat up neck and head tumors and provide the
calculated temperature distribution in the tissue model. However, these applicators are
not suitable to heat up the deep-seated tumors properly. Despite the fact that NI-LMH
has proven to be an useful approach in the treatment of superficial tumors [99], further
research is still required for heating up the deep seated tumors effectively. Focus and
deposit electromagnetic power into the deeply located targets possess a challenge
since muscle and high water content tissues such as blood rapidly attenuate the
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propagated wave and absorb the radiated electromagnetic power, thus preventing deep

penetration into the target.

To reduce the human body effects on EM wave, lower frequencies are used to
increase the penetration depth. On the other hand, to achieve maximum therapeutic
effect, the electromagnetic energy must be precisely focused only on the target area,
however, a slight heating distinction of tumor location is expected when using lower
frequencies. Dipole type antenna designed specifically in [119] to deposit
electromagnetic energy inside the human head. However, the distribution of
temperature in the brain tumors, positioned at different locations in the numerical head
phantom, was not investigated. Moreover, several hot regions observed in the phantom
temperature measurement, this identifies that healthy surrounding tissues may also
affected by heat. In addition, to match the impedance, as it is generally necessary for
dipole type antennas, a balun had to be added to the feeding network which absorbs
large amount of electromagnetic power, thus the efficiency of the proposed antenna

decreased. Likewise, the actual size of the antenna increased.

Focusing in small region is one of the key advantages of NFF arrays for Non-
Invasive Local Microwave Hyperthermia systems. For NFF radiating arrays, featuring
small size to fit the patient anatomy is foremost to other required properties such as

low profile, light weight and low cost.
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CHAPTER - 03

3. DUAL SLOT PIFAs FOR BODY
IMPLANTABLE DEVICES

3.1 Introduction

In this chapter, I present a class of implantable miniaturized dual slot planar
inverted-F antennas (DS-PIFAs) for biomedical implantable telemetry applications. A
simple antenna geometry is proposed for DS-PIFAs so that they can operate over a
variety of standard biomedical telemetry bands. The tuning techniques offer DS-PIFA
to resonate in Medical Implant Communication Service (MICS) at 400 MHz, Zigbee
at 868 MHz, Wireless Medical Telemetry Service (WMTS) band at 1430 MHz and
Industrial, Scientific, and Medical (ISM) band at 2.4 GHz as discussed. I have
investigated the effect of antenna geometry parameters on radiator performance using
empirical parametric studies with an aim to miniaturize the antenna. I report the design
of highly compact DS-PIFA printed either on FR4 or on Rogers substrate. I have
studied antenna performance when it is implanted inside human body using numerical
phantoms. The effects of interstitial fluid and air gap between the human body skin
and the antenna when it is implanted are investigated. Furthermore, the effects of the
surrounding environment such as skin and fat thickness on the antenna performance
are also considered using numerical human tissue phantoms. The impedance

characteristics of the proposed antennas are measured using experimental tissue
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mimicking meat phantoms. Moreover, I have calculated the SAR inside the human
body when the antenna is implanted by using an indirect thermal method inside the

human body mimicking meat experimental phantom.

3.2 Background Review and Motivation

Implantable medical devices with wireless telemetry capabilities are useful for
diagnostic and therapeutic applications [49, 92]. Based on the various wireless
biomedical applications there are different implantable systems which operate over
different frequency bands requiring specific types of antennas. This would make the
antenna design exclusive to only given set of applications operating over a similar
frequency band which increases the need for many design iterations to achieve
operation over other telemetry bands. Therefore, employing a class of antennas which
is capable to cover different telemetry bands by small changes in its size and geometry

would be advantageous to system design.

However, implantable antenna design, regardless of the operating frequency
band, faces major challenges including improved radiation performance,
miniaturization and bandwidth enhancement [33]. It has been well established that
implantable antenna efficiency decreases due to the high dielectric loss caused by the
human tissue. Moreover, for an antenna to be implanted into the human body, it has
to have a small size. The smaller size and lower efficiencies coupled with lower

radiation power can lead to a shorter communication range.

To overcome these issues, many implantable antenna designs, such as folded
dipoles and multi-layered spiral antenna were proposed [49, 69]. Folded dipoles [49]

have simpler structure but their radiation efficiency is as low as 0.14%. On the other
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hand, the multi-layered spiral antenna [69] has a complex structure and yet has lower
radiation efficiency about 0.5% at 2400 MHz, which is quite low. Annular slot antenna
with size of 22 x 20 mm? was also reported in [33], however, the reported radiation
efficiency was only 1.2%. An implantable loop antenna with complementary split ring
resonators (CSRRs) was also reported recently for biomedical telemetric applications
[120]. It was claimed that introduction of CSRR reduced the absorbed power inside
the body and improved the antenna impedance matching and radiation efficiency.
However, the maximum radiation efficiency achieved was only 0.53% at 2.45 GHz
with CSRR and 0.46% without CSRRs. Hence, there is a need for compact-sized

implantable antennas with improved radiation efficiency.

Enhanced impedance bandwidth is also an important parameter for designing
advanced body implanted antennas. Larger bandwidth can accommodate possible
shifts in the resonant frequency due to changes in implantation scenarios within
different body locations and tissue types, random variations in dielectric properties of
human tissues and other perturbations that may occur during implantation. Xiao et al.
[121] reported an implantable cavity loaded patch antenna of size 10 x 10 x 1.27 mm?
at 2.45 GHz and obtained 7.7% impedance bandwidth. But, there is a need to improve

obtainable impedance bandwidths.

Biotelemetry [50] and wireless powering problems associated with the recently
invented leadless pacemaker systems are addressed in [122]. Conformal spiral type
Implantable antennas covering MICS band, 400 MHz are proposed to incorporate into
capsule-type leadless pacemakers for telemetry. To remove the batteries and avoid the
bulky energy storage component the midfield wireless power transfer (WPT)
technique [123] has also been employed along with design and fabrication of a

midfield transmitter antenna at 1.5 GHz for feasibility of wireless powering of the
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leadless pacemaker. The 400 MHz implantable antenna allows for wireless monitoring
and device control in patients, and the inclusion of wireless power transfer at 1500
MHz allows for continuous monitoring beyond normal battery lifetimes [122]. To
cover MICS band at 400 MHz, another implantable antenna introduced in [124]. Two
spiral resonators coupled with each other were employed to achieve a wide bandwidth
over the operating band. The proposed antenna has dimensions of 16.5 x 16.5 x 2.54
mm?® and a measured bandwidth of 13%, covers the suitable wide bandwidth at both
bands. Generally to reduce the size of implantable antennas common miniaturization
methods such as stacking multilayers and embedding slots on the ground plane are
used [13, 125]. However, Li et al. [52] employed meandering and shorting strategy to
introduce a compact implantable antenna for biotelemetry over the 400 MHz MICS
band with the dimension of 12.5 x 12.5 x 1.27 mm?, equivalent to 0.0168 Ao x 0.0168

Ao % 0.0017 Ao (Aois the free-space wavelength at 402 MHz).

The proposed antenna is fabricated on the single layer substrate with a full
ground plane. Therefore, the proposed antenna is characterized by the advantages of
low cost and easy manufacture and has a measured bandwidth of 7.26%. To achieve a
higher bandwidth, an implantable open-end slot antenna with a volume of 139.7 mm?
for biomedical applications is proposed in [126]. By etching a meandered slot on the
top metal with one end open, the overall size of the antenna reduced to 10 x 11 x 1.27
mm? covering MICS band fully with a measured bandwidth of 28%. A microstrip line
is utilized as excitation with a shorting connected to the radiator, to match the feeding
impedance to 50 Q two U-shaped stubs are used. Moreover, a small single-fed hybrid
patch/slot 400 MHz implantable antenna has been achieved by embedding the
meander slot and six open slots in the ground [53]. The proposed antenna has
dimensions of 10 x 16 x 1.27 mm and measured bandwidth of 22.8%. By embedding
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a meandered slot onto the ground plane, the current path on the ground can be
lengthened for the radiator, thus lowering the resonant frequency of the antenna, the
open slots also extend the current path to enhance the size reduction. Furthermore,
microwave dielectric ceramic substrate with high dielectric constant and high-quality
factor are employed to introduce broadband non-superstrate implantable CPW-fed
monopole antennas operating over 402-405 MHz frequency (MICS) band [55]. These
implantable non-superstrate antennas have the advantages of miniaturization, low
profile and wide measured bandwidth. For instance the proposed antenna [55] has a
wide measured bandwidth of 33%. However, the radiation efficiency is as small as

0.12%.

Dual band microstrip patch antenna covering MICS (402—405 MHz) and ISM
(2.4-2.48 GHz) is also proposed for implantable medical devices [127]. The radiating
elements of the antenna are a split ring resonator (SRR) coupled to a Spiral. To reduce
the size of the structure both elements are short circuited to the ground plane. The
antenna has a multilayer configuration where the feeding line and the radiating
elements are located at different levels. The independent line feeds the radiating
elements by electromagnetic coupling, so that allowing a larger miniaturisation degree
[127]. The electrical size of the antenna is 0.018 Ao x 0.018 Ao % at the lowest operation
band, and 0.11Ao x 0.11A¢ at the highest operation one.

A circularly polarized antenna is proposed for biomedical applications at ISM
900 MHz (902-928 MHz) band [128]. By positioning the feed and shorts in proper

location, either right-hand or left-hand circular polarization property can be realized.

To minimize the antenna size, slow wave concept is utilized by loading patches to the
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radiated loop antenna. The antenna has a small size of 13 x 13 x 1.27 mm® and

bandwidth of 18% with axial ratio below 3dB.

It worth to mention that none of these implantable antennas offer such a flexible
geometry or structure suits for re-tuning the resonant frequency to cover other standard
telemetry bands rather than the original ones. In this chapter, I propose a class of PIFAs
with a simple geometry capable to resonate at different frequencies when tuned. I
present a miniaturized Dual Slot—PIFA with improved radiation efficiency which is
capable to operate over several standard telemetry bands such as MICS band at 400
MHz, Zigbee at 868 MHz, WMTS band at 1430 MHz or ISM band at 2400 MHz. The
proposed antenna has a simple geometrical structure and obtains ‘reduced near field
radiation’ when implanted inside the human body. The proposed DS-PIFA when
immersed inside a multilayered, lossy human tissue mimicking phantom, achieved a
radiation efficiency of 2.5% at 2.400 MHz which is higher than the most of the
previously reported works in the literature [33, 49, 69, 121]. Moreover, the antenna
achieved a measured impedance bandwidth of 330 MHz (13.5%) when tuned to cover
ISM band and immersed inside the experimental phantom. The dielectric properties
of human tissue may vary due to the dissimilar body shapes, genders, ages, races and
etc results in shifting the radiator center frequency. In this circumstance, featuring a
higher bandwidth is advantageous as it ensures the antenna performance when small

shifts occur in resonant frequency.

Here, the proposed radiator resonating at 2.4 GHz has a compact size of 8.1 x
7.1 x 1.6 mm? occupying a volume of 0.09 cm?® which significantly smaller than those
reported in the literature [33, 49, 69, 121]. I have also tuned the proposed radiator
geometry to operate over four different standard health care telemetry bands.

Following a similar procedure, I carefully reduced their geometry size to guarantee a
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high level of performance including the radiation efficiency and impedance

bandwidth.

Many factors affect the antenna performance when testing in vivo [51] such as
variations in dielectric properties and thickness of the fat and skin layers of
experimental vivo models. Furthermore, the realistic factors that may impact during
the implantation such as air gap and interstitial fluid needs to be considered in
predicting the antenna performance [51, 92, 129-131]. My predictions demonstrate
that the proposed DS-PIFAs can perform well when considering the air gaps and
interstitial fluids in my calculations. I have also obtained SAR by using an indirect
thermal method when the proposed DS-PIFA implanted inside an experimental tissue

mimicking phantom.

This chapter is organized as follows: In Section 3.3, 1 described the
configuration of the proposed DS-PIFA, together with parametric studies and antenna
calculation performance. Also the working principles of miniaturization and wide
bandwidth property are analysed in this section. Section 3.4 presents DS-PIFA
Measurements followed by Specific absorption ratio (SAR) in section 3.5. The radio
communication link of the proposed antenna including statistical path loss model, link
budget and pathloss measurement are given in Section 3.6 whereas in section 3.7 DS-
PIFAs performance for different slots arrangement are presented followed by the

discussion in Section 3.8.

48



DUAL SLOT PIFAs FOR BODY IMPLANTABLE DEVICES

3.3 Design of Novel PIFA Implantable Antennas

A novel implantable antenna needs to satisfy many requirements which combine
the compact size, a light weight, a good radiation efficiency and wider bandwidth to
accommodate changes in tissue properties. The proposed geometry promises such a
performance while it easily can be tuned to cover desire frequency bands of interest. I
propose a modified PIFA type antenna to offer a lower radiated near fields and a lower

SAR when implanted inside the body.

The advantage of the proposed implantable Dual slot PIFA is that its structure
helps to obtain antenna resonances at two closer resonant frequencies which can help
to create wider bandwidth operation. It can also be implanted either under the skin,
inside the chest, muscle, small intestine or head, without significant changes in the
radiator structure. Moreover, its geometry offers design flexibility so that it can be
easily tuned for other bands of frequency such as MICS, Zigbee and WMTS bands by
increasing its size by a fixed enlargement factor that is related to the wavelength of
operation and optimizing the sizes of the slots and the ground plane. In next section I
introduce dual-slot geometry and design a DS-PIFA for operation at 2.4 GHz ISM
band and present an adjustment technique to reduce the size of it for patient comfort

and system requirement.

3.3.1 [Initial Design

The initial design of the proposed antenna structure consists of a patch radiator,
a dielectric substrate, a dielectric superstrate, a ground plane, a shorting pin and a
feeding point. The top views of the antenna structure with the three main possibility

of slots’ arrangements are shown in Figure 3-1 a), b) and c). From this figure one can
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see the slots are located either on the opposite edges or on the neighbouring edges or

the same edge of the top patch.

The antenna design procedure is carried out in three steps. First, a rectangular
patch antenna is designed to operate over desired telemetry band when implanted in a
homogeneous tissue mimicking numerical phantom. Second, two slots added on
geometry purposefully and then following a generalized procedure, shown in Figure
3-2, amodel of DS-PIFA with a shorting pin is tuned to operate over desire band when
implanted in a multi-layered tissue mimicking numerical phantom. Later, a single
layer dielectric thin superstrate is added to the implanted antenna model and the
geometrical parameters are varied to obtain resonances at the operating frequency
band using the generalized procedure. The model of the antenna with the thin
superstrate is then implanted inside a complex human body numerical phantom for

more realistic simulations as indicated in Figure 3-3a.

3.3.1.1 Slots Arrangement, Case I:

Based on simulation results when slots are located on two neighbouring sides,
as shown in Figure 3-1b, the antenna can be tuned to cover two frequency bands of
interest by changing the slot size and position, also adjusting the feeding point and
shorting pin location may be needed. However, the maximum impedance bandwidth
would be only 5% which is not my interest for this work. However, from the research
perspective, it is valuable to do my research fully and investigate the effects of the
antenna’s geometry parameters for each individual case including case I. Therefore, I

will discuss and publish my study outcomes for this case at the end of this chapter.
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Figure 3-1: Top views of proposed DS-PIFA geometry with different slot position (a), (b) and (c).
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Figure 3-2: Flowchart for initial antenna design methodology.
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Figure 3-3: Simulation set up in numerical mimicking phantoms, a) 3D complex human body model,
b) Side view of layered Block and Cylindrical phantoms.

3.3.1.2 Slots Arrangement, Case II:

The DS-PIFA geometry is also suitable for wearable applications when slots are
located in opposite edges of the radiator as shown in Figure 3-1a. It occupies a small
volume of 1.5 cm® when resonating at 2.4 GHz without superstrate at a close distance
to human body numerical phantom. The antenna has a ground plane in the back,
moreover, its radiation pattern is balloon shaped in broadside direction so that the
radiated power passing through the human body is minimum. However, this slot
arrangement does not show an acceptable performance for biomedical implantable
applications when compared with the slot arrangement in Figure 3-1c. However, this
slot arrangement could be employed for body-worn applications such as wireless

capsule endoscopy system.
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3.3.1.3 Slots Arrangement, Case II1:

When both of the slots are located on the same edge, the radiator shows a
remarkable performance for implantable applications. Figure 3-1c shows the top view
of the proposed implantable DS-PIFA geometry for which the dimensions of the
rectangular-shaped patch as well the two radiating slots are the key parameters for
antenna operation. In addition, the relative location of the shorting pin with respect to
the position of the coaxial feed can play a major role in obtaining good matching
within the chosen band. The antenna structure resonates at two close frequencies. The
lower resonant frequency is mainly due to the current distribution around the slots
which is affected by the feed position. The higher resonant frequency is determined
by the patch width W as well as the incremental extension Aw of the PIFA. The
interaction between two close (higher and lower) resonant frequencies can be achieved

by adjusting the slots and shorting pin position to create a wideband operation.

For optimum performance, my empirical studies revealed that the feeding
position, Yr, be positioned on the central vertical line at a height approximately equal
to 0.6 W from the bottom edge. Additionally, my numerical investigations indicated
that to improve the radiation efficiency of the implanted antenna when 1<L/W<2. The
proposed design with L = 1.15 W has provided a calculated radiation efficiency of

2.5% when implanted inside the tissue mimicking numerical phantom.

To mimic antenna implantation into the different locations inside the body such
as under the skin, inside the chest, muscle, small intestine or head, the proposed DS-
PIFA is immersed inside an inhomogeneous multi layered complex human body
phantom using HFSS™ [132] as depicted in Figure 3-3a. The model is an adult male

patient standing on its feet along z axis. It consists of over 300 body parts to represent

53



DUAL SLOT PIFAs FOR BODY IMPLANTABLE DEVICES

bones, muscles and organs. It has accuracy at the millimetre level and a frequency
dependent material properties database is included. This model can provide accurate

results however, it is not memory and computational time intensive.

120mm

Figure 3-4: Simulation set up in numerical mimicking phantoms, a) Multi-Layered Block phantom, and
b) Cylindrical phantom.

For empirical optimization, I need to obtain results faster and hence a smaller
phantoms either using the cylindrical multi-layered geometry or layered rectangular
block geometry are also employed as shown in Figure 3-4. Based on my calculations,
the diminutions provided for both of the layered models in Figure 3-4 are appropriate
for higher frequency analysis such as 2450 MHz, however, the thickness provided for
each layer is proper for all the frequency bands of interest. For the lower frequency
bands such as 400 MHz the diminutions have to be increased carefully by considering
the wave length. The antenna is embedded into the fat layer under the skin and above
the muscle and the performance calculated using FEKO™ [133]. The x-y plane cut of
the calculation set up, showing the proposed antenna positioning inside the layered
Block and cylindrical numerical mimicking phantoms, is illustrated in Figure 3-3b.
The thickness of air gap layer and interstitial fluid are ideally assumed to be zero at
this stage of design. The cylindrically shaped multi-layered phantom was used to
mimic antenna implantation inside the arm whereas the layered rectangular block

phantom was used to mimic implantation under the chest skin. Later to verify the
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antenna performance inside the human body in different locations such as head and

small intestine, the complex human body has been employed.

Following the my generalized procedure, shown in Figure 3-2, 1 could
successfully tune the geometrical parameters of DS-PIFA to make the antenna
operates over a variety of frequency bands such as MICS band at 400 MHz, Zigbee at
868 MHz and WMTS band at 1430 MHz. The initial designs performed fairly well
inside the human tissue numerical phantom. A parametric analysis is then conducted
in order to quantify the effects of the different antenna geometric parameters and to
empirically optimize its design. The antennas’ size and properties are tabulated in

Table 3-1.

DS-PIFAS SIZE AND CHARACTERISTICE?&EER?’D}FFERENT MEDICAL FREQUENCY BANDS
Freq. Band Resonant Freq.  Band width Radigtion Patch Size Antenna
MHz MHz MHz efficiency volume mm?
2400 2400 260 2.65% 17 %19 1296
1430 1430 148 2.7% 21.2x23.1 1458
868 868 56 2.8% 22.6 X 24.2 1680
400 400 24 2.9% 25 %27 1840

3.3.2 Parametric study

I have conducted detailed parametric study to investigate the effects of each
geometrical parameter of the DS-PIFA on the resonant frequency with an aim to
further size reduction. To achieve this I followed a generalized procedure as shown in
Figure 3-5. I applied this procedure for all of the DS-PIFAs operating over the different
frequency bands and could reduce their physical size significantly. Here, the effects
of the feed and shorting pin positions, width and lengths of the slots while fixing other

antenna parameters were also investigated. I have also employed two types of
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substrates such as Fr4 and Rogers 3210 to investigate the effect of dielectric materials

for DS-PIFA structure.

During the miniaturization process, I simulated using FEKO™ [133] to calculate
not only the radiator resonant frequency but also other properties of antenna such as
fractional bandwidth and radiation efficiency at every step mainly to make sure that
implantable antenna design requirements are fulfilled. I have also calculated the
surface current flow to see how the currents are changing when the antenna size is

reduced.

Figure 3-6 shows the calculated surface current distribution on three different
prototypes of proposed implantable DS-PIFAs. The plot in the Figure 3-6a shows that
the path of the current flow is in the same direction in both of the left and right arms.
These currents flow into and merge with the current in the middle arm. This could be
primarily responsible for exciting the fundamental radiation mode that is resonant
within the 2.4 GHz ISM band. When compared to currents in middle arm, the currents
on the left and right arms travel a longer path along the outer edge of the slots and
excite the lower side of frequency band. The current in the middle arm although
primarily flows in direction opposite to those in other arms, however, there is no

significant current cancelation.

The current distribution would get perturbed by reducing the radiator size (as
shown in Figure 3-6b thus leading to changes in antenna radiation properties.
However, I found that by adjusting the feeding and shorting pin position I successfully
forced the surface current effectively flows all over the radiator surface in the same
manner as initial design as shown in Figure 3-6¢. This will helps to keep the radiation

performance close to the design requirements.
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Figure 3-5: The method followed for DS-PIFAs size reduction.

My studies revealed that by reducing the slot lengths while at the same time
placing the feed and shorting pin at appropriate locations, follow the generalized
procedure shown in Figure 3-5, one could sucsessfully reduce the antenna size without

affecting the resonance within 2.4 GHz ISM band.
The intial size obtained for the DS-PIFA operateing at 2.4 GHz is Lg = 27 mm,

Wg=30mm, L =17 mm, W =19 mm and h = 1.6 mm. Reduction of the slot length

resulted in the corresponding increase in the metallization area of the antenna. I found
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that I could miniaturize the antenna size by reducing the metallization while
maintaining the resonant frequency to fall within the ISM band. Thus, a significant
reduction in the physical size of the antenna from its initial size was achieved by
reducing the lengths of the slots and placing the feed and the pin at proper locations
as shown in Figure 3-6d. However, compare to the new radiator size (W (7.1 mm) X
L (8.1 mm)), the ground plane size (Wg (14 mm) x Lg (16 mm)) is still large so that
further parametric studey is necessary to investigate the fesiblity of ground plane size

reduction while keeping the negative effects on the radiation performance minimum.
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Figure 3-6: The surface current distribution at 2.45 GHz (top view), a) first prototype (b) perturbed
surface current (before adjusting feeding and pin position), ¢) miniaturized prototype, d) miniaturized
size with smaller ground plane.
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It is well known that the ground plane size has a significant effect on radiation
bandwidth of PIFA structure [134]. Here, I have considered seven different size of
ground plane for proposed DS-PIFA to gain insight into how the ground plane causes
fractional bandwidth variations. I have concluded that by decreasing the width Wg and
length Lg of the ground plane size with a fixed ratio the fractional bandwidth may
increase. Moreover, by increasing the ground plane dimension the bandwidth will drop
slightly. Figure 3-7 shows the effects of the ground plane size variation on antenna

performance from the aspect of the bandwidth and helps to choose the best size.

I have also monitored how the surface currents effected by ground plane size
variation. Figure 3-6d shows the surface current distribution for the proposed
miniaturized implantable antenna. From this figure one can see the currents in left and
right hand arms still flowing in the same path as the initial design even though the slots
length have been reduced significantly. These currents merge the surface current on

main arm and flow towards the shorting pin.
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Figure 3-7: Ground plane size variation versus antenna bandwidth.
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Furthermore, I found that by increasing or reducing the slot widths, one could
tune the resonant frequency as shown in Figure 3-8 without changing the antenna
structure or size. This feature demonstrates the flexibility of the proposed antenna

geometry concerning practical implementation.

The finalized dimensions of the proposed DS-PIFA, operating over ISM band,
are Lg =9 mm, Wg =8 mm, L =8.1 mm, W= 7.1 mm and h = 1.6 mm, thus, a 90%
reduction in the physical size of the antenna from its initial size was achieved by
reducing the lengths of the slots and placing the feed and the pin at proper locations
as shown in Figure 3-6d. The size comparison with similar types of antennas reported
in the literature is provided in Table 3-2. I have also performed further parametric
study, followed the generalized procedure, to make sure that I have proposed the
smallest size possible for DS-PIFAs that cover ZigBee, MICS and WMTS bands
having a reasonable fractional bandwidth and radiation efficiency using FR4. The
antennas’ size and properties are tabulated in Table 3-3. Referring to the Tables 3-2
and 3-3, one can see an 80% antenna size reduction for WMTS, 58% antenna size
reduction for ZigBee and 39% antenna size reduction for MICS band achieved,
compare to the initial size for the proposed DS-PIFAs, by reducing the lengths of the

slots and placing the feed and the pin at proper locations.

Table 3-2
S1ZE COMPARISON OF PROPOSED DUALSLOT PIFA

T P R

[49] 2400 Slot dipole 0.14% 550

[33] 2400 Annular slot 1.2 % 440

[69] 2400 Spiral antenna 0.55% 620

[121] 2400 Cavity loaded - 127

This work 2400 Dual Slot PIFA 2.5% 115
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Figure 3-8: Dual-slot PIFA: The effects of reducing the slot width.

To investigate the effect of substrate dielectric material on DS-PIFAs
performance I also employed Rogers 3210. This substrate has a lower conductivity for
higher frequencies compare to FR4. However, I purposefully chose a higher
permittivity to reduce the antenna size further. This substrate has a thickness of 0.64
mm and & of 10. By using DS-PIFA design procedure shown in Figure 3-2, I could
successfully redesign DS-PIFAs for my frequency bands of interest using Rogers
3210. To reduce DS-PIFAs size further, I used a similar approach as mentioned above
and applied the similar method shown in Figure 3-5. This generalized procedure, helps
to tune and reduced the size of my proposed structure to operate over different bands
when implanted in a multi-layered tissue mimicking numerical phantom. The
antennas’ size and properties are tabulated in Table 3-3. Further size reduction of 69%
for antenna covering ISM band, 76% for antenna covering WMTS band, 78% for
antenna covering ZigBee and 66% for antenna covering MICS band achieved by

employing dielectric materials with higher permittivity.
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TABLE 3-3
MINIATURIZED DS-PIFAS SIZE AND CHARACTERISTIC OVER DIFFERENT MEDICAL FREQUENCY BANDS

Resonant  Dielectric Band width  Radijation Antenna

Freq. Band Freq. MHz material MHz efficiency dimensions Vol. mm’
ISM 2400 Fr4 240 2.42% 9x8x1.6 115
ISM 2400 R.3210 160 1.85% 8 x 7 x0.64 35.9

WMTS 1430 Fr4 125 25% 13x14x1.6 291
WMTS 1430 R.3210 105 1.9% 10 x 11 % 0.64 70.4
ZigBee 868 Fr4 60 2.55% 20x22x1.6 705
Zigbee 868 R.3210 45 2% 15 %16 x 0.64 153.6
MICS 400 Fr4 25 2.65% 27 x26x%1.6 1123
MICS 400 R.3210 20 2.1% 25 x 24 x 0.64 384

3.3.3 Antenna Performance

Beside the resonant frequency and fractional bandwidth, I have also considered
the antenna radiation efficiency during the design and calculations. The radiation
efficiency of the 2.4 GHz miniaturized DS-PIFA, including superstrate, is 2.5% when
immersed inside layered block model. As expected, the calculated efficiency is low
due to the presence of lossy tissues. However, the calculated efficiency is higher than
the reported results for similar class of antennas in the literature [33, 49, 69, 121]. I
have considered a trade-off based on the antenna miniaturization and efficiency to

have the maximum radiated power.

The antenna may have a proper reflection coefficient over the ISM band,
however, it will not radiate effectively if the input power trapped into the antenna loss
mechanism. I could successfully keep the radiation resistance dominant compare to
the loss resistance over the antenna structure by adjusting the antenna size and the

feeding position to keep the surface current flows uniformly over the radiator.
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Figure 3-9: The electric near field distribution (top view), a) outside the numerical phantom, b) inside
the skin layer, c) inside the muscle layer and d) side view.

To calculate the antenna efficiency excluding surrounding lossy environment
and have a better understanding of its performance I set the dielectric properties of the
tissue phantom equal to lossless media, however, the antenna did not resonate at the
same frequency band due to the changes in surrounding media dielectric properties.
To solve this issue, I have calculated losses per media of the numerical phantom so
that I could provide the 2.4 GHz miniaturized DS-PIFA efficiency excluding
surrounding lossy environment which is 64.77% including superstrate. I have also
investigated the effect of the slots’ width variation on efficiency and losses for the 2.4

GHz miniaturized DS-PIFA, the results are tabulated in Table 3-4.
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TABLE 3-4
LOSSES IN DS-PIFA AND NUMERICAL PHANTOM AT 2.4 GHZ (IN MILI-WATT).

Slot width Imm 0.8mm 0.6mm 0.4mm 0.2mm

Radiated power 0.10 0.128 0.11 0.1 0.08

Input power 5.2 5.2 5.2 5.2 5.2

Human tissue losses 3.24 3.24 322 3.2 3.21
Antenna efficiency 64.2% 64.77% 63.8% 63.4% 63.2%
Total efficiency 2.1% 2.5% 2.1% 2% 1.7%

Antenna efficiency = (Radiated power + Human tissue losses) / Input power

The electric near field distribution on x-y planes at 2.45 GHz are shown in Figure
3-9a and Figure 3-9b where the x-y planes are located 20 mm above the skin and 2
mm above the antenna inside the skin respectively. (x-y plane shows top view and is
parallel with antenna and skin surface). From this figure, one can see that electric near
field intensity is much higher at outside of the human body model therefore the

absorbed power would be less inside the body.

Moreover, to provide more precise understanding of the distribution of the
electric near field inside and outside of the human body, a y-z plane cut at 2.45 GHz
is also provided as shown in Figure 3-9d. This figure shows the electric near field
intensity is lower inside the human body model and it is mainly focused outside the
body with the peak levels. The reduced electric near field yields in reduced power
absorption and lower SAR (as defined by equation 3.1). Thus, the radiated power is
increased accordingly. As a result, the antenna radiation efficiency and gain are

increased.

Furthermore, I have considered the effects of tissue environment as possible
affecting factors during the implantation in my calculations. This would be beneficial
when my research goes to the next step from vitro to vivo which increase my

perception about the antenna performance in more realistic circumstances.
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TABLE 3-5
VARIATIONS OF TISSUE ENVIRONMENT DURING IMPLANTATION.
Thickness variations in Air gap layer Interstitial Fluid layer

mm 0.1 0.3 0.5 0.1 0.3 0.5

Efficiency% 1.8 1.6 1.4 1.8 1.7 1.5

Bandwidth (MHZ) 280 280 270 280 260 250

Resonance freq. GHz 242 2.44 2.46 2.42 2.39 2.38

TABLE 3-6
VARIATIONS OF TISSUE ENVIRONMENT DURING IMPLANTATION.

Variations Skin thickness (mm) Skin er Fat thickness (mm) Fat er
Effects 1.5 2.5 34 42 3 5 4.5 6.5
Efficiency% 2.5 2.1 2 2.5 2.3 2.3 2.1 24
Bandwidth (MHZ) 230 290 260 280 260 260 280 270
Reso“é‘g freq. |5 37 244 | 237 | 248 | 239 | 242 | 237 | 246

As reported in [51] there is a substantial discrepancy between measurement
(using rats) and simulation results on reflection coefficient without considering factors
affecting the antenna performance in vivo. Therefore, I have investigated the possible
factors such as possible air gap layer and interstitial fluid (er = 70) between the antenna
and skin. I also anticipate that other contributing factors such as variation of dielectric
properties and thickness of the fat and skin should also be considered in calculations.
Consequently, I added air gap and interstitial fluid layers with different thickness in
calculations and incorporated aforementioned parameters. Figure 3-10 shows
simulation environment for possible air gap layer and interstitial fluid when immerse
the DS-PIFAs on FR4 substrate inside the human body numerical phantom. The
results on efficiency, resonant frequency and bandwidth are tabulated in Table 3-5 and
3-6. These results indicate that the proposed antenna can cover the ISM band in above

mentioned situations which is a noticeable achievement.
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Figure 3-10: Simulation environment for possible air gap layer and interstitial fluid when implant DS-
PIFAs in human body.
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Figure 3-11: comparison of relative permittivity and conductivity of the beef phantom with published
data in skin and muscle.

3.4 DS-PIFA Measurements

In order to verify the performance of the implanted antenna when placed inside
human body, I have developed a phantom which is prepared with beef. The
conductivity and dielectric constants of the experimental phantom were measured by
using dielectric probe kit and Agilent ES071C network analyser from 100 MHz to 3
GHz when the experimental phantom was placed in a plastic container of size 120 X
120 x 45 mm>. A good agreement with the desired dielectric properties [135] was

observed, comparison of relative permittivity and conductivity of the beef, skin, and
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muscle are shown in Figure 3-11. It can be found that the permittivity of beef phantom
is closer to human skin which is useful as the antenna is close to skin. The measured
result on reflection coefficient when the antenna (including superstrate) was immersed
in experimental phantom shows a good agreement with calculated result using
complex human body as shown in Figure 3-12. The Measurement set up and the
miniaturised DS-PIFA prototypes on Fr4 and Rogers 3210 for MICS 400 MHz,

ZigBee 868 MHz, WMTS 1430 MHz and ISM 2.4 GHz are shown in Figure 3-13.
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Figure 3-12: Reflection coefficient of Dual-slot PIFA: a) Calculated using Complex human body model,
block Layered and cylindrical Layered phantoms, b) Measured vs. Calculated using Complex human
body model.
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The DS-PIFA has a measured bandwidth of 330 MHz (13.5%) which is
significantly valuable when considering slight changes in dielectric properties of
human tissue due to the dissimilar body shapes, genders, ages and etc. These changes
in dielectric properties may shift the resonant frequency. Hence, the proposed antenna

bandwidth could guarantee ISM band coverage for a variety of patients’ tissue.
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Figure 3-13: Measurement set up and Dual-Slot PIFAs prototype on FR4 and Rogers 3210 substrate for
different frequency bands.

68



DUAL SLOT PIFAs FOR BODY IMPLANTABLE DEVICES

I have also used the experimental phantom to verify the performance of the
proposed implantable DS-PIFAs for Medical Implant Communication Service
(MICS) 400 MHz, Wireless Medical Telemetry Service (WMTS) band at 1430 MHz
and Industrial, Scientific, and Medical (ISM) band at 2.4 GHz. The prototype antennas
covering these four different standard biomedical bands are printed either on FR4 or
Rogers 3210 and covered with superstrate layer with the same dielectric materials as

substrate.

Figure 3-14 illustrates the Dual-slot PIFA covering ISM at 2400MHz using
Rogers 3210 substrate and results on reflection coefficient of Calculated using block
layered and homogeneous human tissue numerical mimicking phantoms versus

measured inside the experimental phantom.
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Figure 3-14: Reflection coefficient of Dual-slot PIFA covering ISM at 2400MHz using Rogers
substrate: Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus Measured inside experimental phantom.

Dual-slot PIFAs covering WMTS band at 1400 MHz using FR4 and Rogers

substrate, along with results on reflection coefficient for each antenna prototype, are
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shown in Figure 3-15 and Figure 3-16 respectively. From these figures one can see the
measured results on reflection coefficient when the antennas (including superstrate)
were immersed, one by one, in experimental phantom show a good agreement with
calculated results using block layered and homogeneous human tissue numerical

mimicking phantoms.
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Figure 3-15: Reflection coefficient of Dual-slot PIFA covering WMTS at 1400MHz using FR4
substrate: Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus Measured inside experimental phantom.
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Figure 3-16: Reflection coefficient of Dual-slot PIFA covering WMTS at 1400MHz using Rogers
substrate: Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus Measured inside experimental phantom.
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Figure 3-17 and Figure 3-18 illustrate the Dual-slot PIFAs covering Zigbee at
868 MHz using FR4 and Rogers 3210 substrate and results on reflection coefficient of
Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus measured inside the experimental phantom. The measured results on
reflection coefficient when the proposed implantable antennas (including superstrate)
were immersed, one by one, in experimental phantom show a good agreement with

calculated results.
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Figure 3-17: Reflection coefficient of Dual-slot PIFA covering Zigbee at 868MHz using FR4 substrate:
Calculated using block layered and homogeneous human tissue numerical mimicking phantoms versus
Measured inside experimental phantom.
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Figure 3-18: Reflection coefficient of Dual-slot PIFA covering Zigbee at 868MHz using Rogers
substrate: Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus Measured inside experimental phantom.
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Dual-slot PIFAs covering MICS band at 400 MHz using FR4 and Rogers
substrate, along with results on reflection coefficient for each antenna prototype, are
shown in Figure 3-19 and Figure 3-20 respectively. From these figures one can see the
measured results on reflection coefficient when the antennas (including superstrate)
were immersed, one by one, in experimental phantom show a good agreement with
calculated results using block layered and homogeneous human tissue numerical

mimicking phantoms.
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Figure 3-19: Reflection coefficient of Dual-slot PIFA covering MICS band at 400MHz using FR4
substrate: Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus Measured inside experimental phantom.
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Figure 3-20: Reflection coefficient of Dual-slot PIFA covering MICS band at 400MHz using Rogers
substrate: Calculated using block layered and homogeneous human tissue numerical mimicking
phantoms versus Measured inside experimental phantom.
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3.5 Specific Absorption Ratio (SAR)

For wireless implantable active biotelemetry devices, radiated power limits are
determined to avoid over heating of the biological tissue. Human body absorbs the EM
energy when exposed to Electromagnetic field. This may results in raised tissue
temperature which depend on the exposed power and operating frequency. The
temperature increment of human body by RF energy can be defined using SAR and
the bio-heat transfer equation. Here, to comply with the maximum spatial average
SAR limitations, 1.6 W/kg per 1 gram averaging [12], I have conducted the SAR
measurement to determine the maximum input power for the proposed antenna

resonating at 2450 MHz.

Conventionally, an electric field probe scanning technique is used as a practical
method for SAR evaluation which can be quite expensive. Alternatively, optical fiber
thermal sensors are used to measure SAR [136], however, in this method the radiator
location is outside the human body phantom as the main aim was to measure SAR of
mobile handsets. Here, I use optical fiber thermal sensor for implantable devices when

the antenna is located inside the human body mimicking phantom.

This method is a simple measurement technique for measuring the temperature
rise in an equivalent human tissue experimental phantom caused by electromagnetic
energy absorption radiated by implanted antenna. I have used optical fiber thermal
sensor as there is a concern that a metal wire connected to the thermoelectric thermal
sensor could disturb the electromagnetic field in the phantom. In addition, the SAR
can be stably evaluated over a wide range of frequency bands as the optical thermal
sensors do not show frequency dependence, so that suitable for primary testing of an

electric field probe scanning system. The relationship between the temperature rise
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and the SAR in an equivalent human tissue phantom is given by bio heat transfer

equation [136, 137]:

T
p,c%—t = KV’T + p.SAR 3.1)

Here, T is the temperature in the phantom (in kelvins), K is the thermal
conductivity of the phantom (in watts per meter kelvin) and t is the elapsed time (in
seconds), C is the specific heat of the phantom (in joules per kilogram kelvin) which
is 3400 (J/kg.k) and p is the density of the phantom (in kilograms per cubic meter)

which is 1060 (kg/m>).

Optical fiber thermal sensors!

f

ImplantedDS;PlFA Experimental phantom Optical sensors

Figure 3-21: a) SAR measurement diagram using optical fibre thermal sensors. b) SAR measurement
setup for Dual-slot PIFA on FR4 substrate.
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Since the thermal diffusion is low in my experiment the equation (3.1) could be
simplified. Here, to evaluate 1-gram average SAR measurment at multiple points are
needed to estimate the temperature rise within the experimental phantom. Figure 3-21a
shows optical thermal sensors arranged in a 3-D cubic lattice network completly
covering the 1-gram mass to measure AT in the experimental cubic phantom. If the
density of the mimicking phantom material is close to 1000 kg/m?, then the side
lengths of a 1-g mass cube are approximately 10 mm [136]. Consequently, optical
fibre thermal sensors are arranged in a 3-D network by choosing 18 temperature
measurement points to evaluate 1-g SAR. The sensors are located at .5 and 1.5mm

under the skin with Smm intervals over the X-Y plane parallel with radiator surface.
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Figure 3-22: Measured 1g-SAR: Miniaturized Dual-Slot PIFA at 2.4 GHz.

I have employed Luxtron FOT Lab Kit and STM and STB optical thermal
sensors (from Luxtron, Ltd) to measure temperature rise in the experimental phantom
due to radiation. These optical fibres are made from polymer, and their measurement

uncertainty is £0.05C at room temperature.
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The SAR measurement setup for DS-PIFA using optical fibre thermal sensors is
shown in Figure 3-21b. The input power was set to 10dBm (10mw) at 2450 MHz and
the equivalent phantom was exposed to microwaves up to 30 minutes while the
thermal sensors measured the resulting temperature rise in the mimicking phantom.
Figure 3-22 shows the 1-g SAR values using indirect SAR measurement. The
calculated 1-g SAR for the input power level of 10dBm would be 5.2w/kg while the
measured result indicates 4.8w/kg for 1-g SAR with the same input power. Figure 3-22
reveals that 1-g SAR is above the limitation [138] so that the input power must be set

to less than 3dBm (2mw) to satisfy 1-g SAR regulation.

Furthermore, the 1g-SAR calculations have been carry out for seven different
miniaturized DS-PIFAs cover four different standard biomedical bands such as MICS
band, Zigbee, WMTS band and ISM band tabulated in Table 3-7. To verify the
calculated SAR results, SAR measurements have been conducted for seven different
miniaturized DS-PIFAs which could cover four different standard biomedical bands
such as MICS band, Zigbee, WMTS band and ISM band printed either on FR4 or

Rogers 3210.

The input power was set to 10 dBm (10 mw) at MICS, Zigbee, WMTS and ISM
bands. The equivalent phantom was exposed to microwaves up to 30 minutes while
the thermal sensors measured the resulting temperature rise in the mimicking phantom.
The measured temperatures and simplified form of equation (3.1) are used in a Matlab
code to estimate the SAR. The SAR values are calculated in every five minutes step
to monitor the SAR variations. The results on 1-g SAR for all the seven miniaturized

DS-PIFAs are tabulated in Table 3-7.
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3.6 Biotelemetry and Wireless Communication Link

Understanding of electromagnetic wave propagation within tissues is very useful
for the design of implantable wireless system as it helps to optimize physical layer
design and therefore, achieve improved performance [139]. To obtain realistic channel
characteristics, propagation measurements are required with antennas implanted in
human bodies. However, for medical implants in the human body, this could pose
additional, ethical and practical constraints. Here, to study RF propagation from

implanted antenna, I employ a 3D virtual simulation model which will be described

later.
TABLE 3-7
MEASURED SAR OVER STANDARD BANDS FOR HEALTH CARE TELEMETRY SYSTEMS
Measured SAR for DS-PIFAs using FR4 and Rogers 3210
ands| ics | MICS | Zigbee | Zigbee | WMTS | WMTS ISM
Timing FR4 |ROGERS | FR4 |ROGERS| FR4 | ROGERS | ROGERS
After
1 10 3.5W/Kg | 3.7W/Kg | 3.8W/Kg | 3.9W/Kg | 40W/Kg | 4.1W/Kg | 45W/Kg
minutes
After
2 15 3.5W/Kg | 3.8W/Kg | 3.9W/Kg | 3.9W/Kg | 41W/Kg | 43W/Kg | 4.6W/Kg
minutes
After
3 20 3.6W/Kg | 3.8W/Kg | 3.9W/Kg | 40W/Kg | 42W/Kg | 45W/Kg | 48W/Kg
minutes
After
4 25 36W/Kg | 39W/Kg | 4W/Kg | 41W/Kg | 43W/Kg | 45W/Kg | 49W/Kg
minutes
After
5 30 3.7W/Kg | 39W/Kg | 4W/Kg | 41W/Kg | 44W/Kg | 4.6W/Kg | 49W/Kg
minutes
Total 37W/Kg | 39W/Kg | 4W/Kg | 41W/Kg | 44W/Kg | 46W/Kg | 49W/Kg
Calculated | 3 9w/Kg | 4.1W/Kg | 41W/Kg | 43W/Kg | 46W/Kg | 4.7TW/Kg | 48W/Kg

77



DUAL SLOT PIFAs FOR BODY IMPLANTABLE DEVICES

In this section, I employ the miniaturized implantable DS-PIFA which operates
over ISM band at 2.45 GHz, and occupies a volume of only 92 mm?® with a compact
size of 8.1x7.1x1.6 mm?>. The antenna provides a reasonably moderate radiation
efficiency of 2.5% when immersed inside a human tissue mimicking numerical
phantom. Moreover, the proposed PIFA has a measured bandwidth of 330MHz

(13.5%).

3.6.1 Statistical Path Loss Model

The path loss in dB at distance d can be statistically modeled by:

PL(d)=P —P.=PL(d,)+10n log(di) + X, (3.2)

0

where d is the Tx-Rx distance, do < d, is a reference distance, X is a zero mean
log-normally distributed random variable representing the random fading effects
caused by layered tissue medium, receiver environment and antenna gains in different
directions etc. [47, 139]. The path loss exponent is n = 2 for free space propagation,
while for indoor propagation n is environment dependent. Since the human body
represents a highly lossy medium, much higher value for the path loss exponent can

be expected.

In this study, the wireless power link was simulated using FEKO™ [133]. The
simulation environment is shown in Figure 3-23. The calculated values of |Si2]
obtained at various receiver locations surrounding the body implanted transmitter are

> = Pt/Pr. Moreover, in my calculations polarization

used to calculate the pathloss |Si2
mismatch was not considered and both Rx and Tx antennas are assumed to be perfectly

impedance matched.
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Figure 3-23: Simulation environment of the wireless power link.

In my simulation environment, I have used half-wavelength dipole antennas as
receiver antennas with gain of 2.15 dB. Thirteen Rx antennas are arranged in
concentric circles surrounding the body implanted PIFA as shown in Figure 3-23. The
radius of circles are 150 mm, 250 mm respectively located at the xy-plane as shown
in the same figure. For the characterization of the communication link, the proposed
PIFA implanted inside a multi-layered numerical phantom acts as a Tx antenna. The
position of the Tx antenna was fixed under the skin while the Rx antennas were
positioned at various distances to calculate the pathloss. The distance (d) between Tx
and Rx is varied along the Z axis from 50mm to 8000 mm to calculate the pathloss.
The estimated path loss as a function of Tx-Rx separation is shown in Figure 3-24 in

which the solid line indicates the mean value.

3.6.2 Pathloss Measurement

To verify the accuracy of simulated statistical path loss model, I have arranged
a measurement set up as shown in Figure 3-25. In the set up I have used a monopole
antenna as receiver antennas with gain of 1.25 dB. The Rx antenna has been connected

to VNA via a 7 meter low loss coaxial cable. I have measured and considered the cable
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loss in my measurement results. The proposed DS-PIFA employed as Tx antenna

when implanted inside the same experimental phantom I used in previous section.
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Figure 3-24: Calculated and Measured pathloss variation for Rx and Tx separation.

Figure 3-25: Pathloss measurement inside the UTS FEIT Building (Building 11).

The position of the Tx antenna was fixed under inside the phantom while the Rx
antenna was positioned at various distances to measure the pathloss. The distance (d)
between Tx and Rx is varied from 0.50 m to 7 m to measure the pathloss along the

black and white labels positioned with 0.5m intervals. The orientation of Rx antenna
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has been varied when measuring Si2 at each position to record the maximum value
and also repeated the measurements 10 times to collect more data. The estimated path
loss as a function of Tx-Rx separation is shown in Figure 3-24 in which the solid line
indicates the mean value. The mean value of the measured path loss is almost 10 dB

greater than the mean value of simulated path loss in different distances.

I have also calculated the estimation of the path loss exponent by using equation
(3.2) and data provided by Log-distance path loss experimental model. I have solved
the equation respect to n by using measured path loss data and minimum mean square
(MMSE) method which results a path loss exponent of 2.86 for the environment

showed in Figure 3-25.

3.6.3 Link Budget

I used a link budget to evaluate the required and available power for bio-medical
data transmission. To carry out the link budget calculations, the Rx was placed at a
distance of 1 m from the human body phantom surface while the Tx was placed under
the skin layer. Here, the separation between the Tx and Rx was chosen to be 1m. The
input power to the implanted antenna was set to 25 uW at 2.45 GHz ISM band
according to European Research Council (ERC) regulation [11]. The parameters
selected for developing the link budget of the communication environment are
tabulated in Table 3-8. The minimum required power to guarantee the implanted
antenna performance in the far field region can be calculated using standard formulas

[30].
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Required C/N, :%’)+1010g(R)—GC +G, (3.3)
Link C/Ny=P, =Ly +G,+G, —L — Ly, — Ny, (3.4)
N, =10log(k)+10log(T) (dB/Hz) (3.5)
I =T,(NF-1) (K) (3.6)

where P: is the input power, Lfea 1s the antenna feeding loss, R is the bit rate, d
is the distance between Tx and Rx antennas, G is the gain of the Tx antenna, G-
denotes the gain of the Rx antennas and E» is the energy per bit and No is the noise
power spectral density [139]. Utilizing the data in Table 3-8 along with (3) and (4),

the obtainable and required C/No can be calculated, respectively.

TABLE 3-8
PARAMETER VALUES: LINK BUDGET CALCULATION FOR A SEPARATION DISTANCE OF 1 M

BETWEEN THE TX AND THE RX ANTENNAS.

Transmission Receiver
Freq. 2.45GHz Rx antenna gain G; 2.15dBi
Tx power Py 25uW Temperature Ty 293K
Tx power Py -16dBm Receiver NF 3.5dB
Feeding loss Lrxfeed 0dB Feeding loss Lrxfeed 0dB
Tx antenna gain Gq -12dBi Boltzmann constant K | 1.38x1023
Propagation Signal Quality
Noise power density Ny | -199.70 dBm/Hz Ew/Ny (ideal PSK) 9.6dB
Noise power density No 4.0x1072! Bit rate R 2Mb/s
Free space loss L¢ 52dB Bit error rate 11073
PL 65dB Coding gain Gc 0dB
Distance Im Fixing deterioration Ggq 2.5dB
link C/No 118.7dB/Hz Required C/No, 75.1dB/Hz
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For a distance of 1 m between the Tx and the Rx, the obtainable C/No was 118.7
dB/Hz which exceeds the required C/No of 75.1 dB/Hz. Hence, wireless
communication is feasible. As the gains of Tx and Rx antennas have already been

included in pathloss calculations, I did not consider them for this calculation again.

3.7 DS-PIFAs Performance with Different Slots Arrangement,
Case I: (Slot Position on Two Neighbouring Sides)

Figure 3-26 shows the slot arrangement for DS-PIFA case I. In this case, one of
the slots is located on the left side of the radiator while the other one is located on the
bottom edge. The shorting pin position is close to the centre of the patch and the
feeding point location is 5 mm away from the bottom edge along with the shorting pin.
The antenna geometry printed on Fr4 substrate is tuned to resonate at 1100 MHz when
immersed inside the human body. The length and width of the radiator are 0.43\ and
0.38\ respectively. To obtain a good impedance bandwidth, I considered different
locations for shorting pin position. I observed that the antenna achieves proper
impedance bandwidth when the shorting pin is located close to the centre of the patch.

Poor impedance matching appears when the pin is located close to the top or bottom

edge of the patch.
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Figure 3-26: DS-PIFA slot position, Case I, on two neighbouring sides, left and bottom.
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To investigate the effect of the slots’ position on DS-PIFA resonance
frequencies, first I changed the location of the vertical slot, in multiple steps, from the
left side of the patch to the right side as shown in Figure 3-27. Later, I changed the
horizontal slot position from top of the patch to the bottom in seven steps. I concluded
that by changing the vertical slot location from the left side of the patch to the right,
the centre frequency increases slightly while fractional bandwidth remains the same.
On the other hand, by changing the horizontal slot position from top of the patch to
the bottom, the centre resonant frequency decreases. This feature is useful to tune the

antenna centre resonance frequency when designing the DS-PIFA for a specific

biotelemetry band.
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Figure 3-27: Different slots’ location for DS-PIFA (Case I, Slot position on two neighbouring sides).
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To investigate the effects of the slot size on the resonant frequency, first, I
increased the length of the horizontal slot, Ls2, and then the length of the vertical slot,
Lsi, was increased. The initial size of the both of the slots is 0.1A. I conclude that by
increasing the Ls2 up to 0.25A the resonant frequency remain about 1100 MHz and
there is no second resonant, however, by increasing Ls2 more than 0.25\ a second
resonance may appear. When Ls2 is equal to 0.3 the first resonance drops to 990 MHz
and the second resonance reduces to 1810 MHz. I observed that both of the resonance
frequencies decreasing gradually when I increase the Ls2 slowly up to 0.41A, as shown
in Figure 3-28. My proposed DS-PIFA structure is capable to resonate at two different
frequencies, the lower resonance is determined by the size of the antenna structure and
the second one is determined by the slots’ length. When Ls2 is equal to 0.41A the

antenna resonate at 830 MHz and 1600 MHz.
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Figure 3-28: DS-PIFA, Case I: Horizontal slot length variation.

Here, I have reduced the initial size of the vertical slot to 0.065A (2.88 mm). I
have observed that by increasing the Lsi up to 0.22X (9.88 mm), as shown in Figure
3-29, the resonant frequency remains around 1100 MHz with 50 MHz fractional
bandwidth. In this case, there is no second resonant, however, by increasing Ls1 more

than 0.22 A a second resonance may appear.
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Figure 3-29: DS-PIFA, Case I: Vertical slot length variation.

When Ls; is equal to 0.25A the first resonance drop to 1000 MHz and the second
resonant decreases to 1700 MHz. I observed that both of the resonance frequencies
decreasing gradually when I increase the Lsi up to 0.36A (15.9 mm) slowly. When Lsi
is equal to 0.29A (12.88mm) the antenna resonate at 940 MHz and 1560 MHz. Here,
the lower resonance is determined by the size of the antenna structure and the second

one is determined by the slots’ length.

Moreover, to cover medical telemetry bands such as MICS band, I increased the
size of the structure by incremental coefficient which fixed later to a constant factor
of two, this exclude the Fr4 physical and electromagnetic properties. The new length
and width of the patch are 0.31A (38.4 mm) and 0.27A (33.6 mm) respectively. The
length and width of the ground plane are 0.48A (58.4 mm) and 0.44)\ (55.3 mm)
respectively. The antenna now resonate at 400 MHz and 828 MHz, however, the 400
MHz resonance does not satisfy my expectation for minimum reflection coefficient
which is -10dB. The shorting pin used in the proposed structure helps to improve the

impedance matching.

I considered twenty different locations to improve the reflection coefficient. Yet

only a few locations for the shorting pin could improve the reflection coefficient
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significantly. When the pin placed in these locations, the resonant frequency
decreased, hence, it needs to be re-tuned. To overcome this issue I reduced the size of
the structure to shift-up the lower frequency. The new length and width of the patch
are 0.3\ (36.48 mm) and 0.26A (31.92 mm) respectively. The antenna now operates
over the MICS band at 400 MHz, in spite of that, the second resonance appear at 730
MHz and needs to be tuned to cover Zigbee band at 868 MHz. To adjust the upper
band I increased the Ls2 length gradually while Lsi has a length of 0.24A (29.3 mm)
as shown in Figure 3-30. When Ls> has a length of 0.3 (35.3 mm), the antenna
resonates at 400 MHz and 868 MHz. To find the optimum shorting pin location to
achieve a good 50 Q impedance match, 25 simulations have been conducted using

block layer human body numerical phantom.

Since the antenna ground plane plays an important role in PIFA type antenna, I
have also studied the effect of the ground plane size reduction on antenna performance.
My studies indicate that when ground plane size reduced gradually to 0.31A (38.4 mm)
for length and 0.27A (33.6 mm) for width, the both lower and higher resonant
frequencies shift-down to 390 MHz and 800 MHz while the bandwidth of higher

resonant increases by 2%.
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Figure 3-30: DS-PIFA, Case I: Horizontal and vertical slots length variation.
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To cover other medical telemetry bands such as ISM band I reduced the size of
the structure by incremental coefficient which fixed later to a constant factor of 0.7,
this exclude the Fr4 physical and electromagnetic properties. The new length and
width of the patch are 0.38A (13.44 mm) and 0.34A (11.76 mm) respectively. The
radiator resonates at 2400 MHz and covers the ISM band fully, the antenna also
resonates at 1360 MHz and has a fractional bandwidth of 50 MHz, yet this is not the
band of interest. Therefore, I reduce the size of the structure further to shift-up the
lower resonance frequency and cover the WMTS band at 1430 MHz. I may also adjust
the length of Lsi to tune the higher frequency to operate over ISM band. The new
length and width of the patch to cover the WMTS band are 0.34A (11.9 mm) and 0.3A
(10.4 mm) respectively. I have also adjusted the length of the Lsi to 0.28A (9.8 mm)
to cover the ISM band. The structure now operates over two standard biomedical

telemetry bands.

I have also investigated the effect of changing length of Ls2 increasingly when
Lsi is 0.26A (9 mm) and antenna resonate at 2400 MHz and 1360 MHz. Here, I used
my previous design when the patch size is 0.38X (13.44 mm) by 0.34A (11.76 mm). I
observed that by slowly increasing the Ls2 up to 0.23A (10.2 mm), both of the
resonance frequencies shifting-up gradually. When Ls2 is 10.2 mm the radiator
resonate at 1388 MHz and 3060 MHz. When I increase the length of Ls2 from 10.2
mm to 13 mm slowly, both lower and higher resonant frequencies decrease gradually
to 1180 MHz and 2730 MHz respectively. Here, I increased the length of Lsi further
while Ls2 is 13 mm, depicted in Figure 3-31. I observed that both of the resonant
frequency shifted-down slightly. In this subsection, I have demonstrated the proposed
geometry features including easy tuning to cover different biotelemetry bands and
capability to operate over two bands of interest.
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Figure 3-31: DS-PIFA, Case I: Extended vertical slot length variation.

3.8 Discussion

This chapter presented a class of miniaturized implantable DS-PIFA for
biomedical telemetry applications. The proposed simple antenna geometry can be
tuned, using presented tuning techniques, to resonate at different biotelemetry bands
such as Medical Implant Communication Service (MICS) at 400 MHz, Zigbee at 868
MHz, Wireless Medical Telemetry Service (WMTS) band at 1430 MHz and
Industrial, Scientific, and Medical (ISM) band at 2450 MHz. To miniaturize the
antenna structure physical size, I have investigated the effect of antenna geometry
parameters on radiator performance using empirical parametric studies. The design of
highly compact DS-PIFAs, operating over a variety of standard biotelemetry bands,
printed either on FR4 or on Rogers substrate is also reported. To validate antenna
performance in more realistic tissue environment, I have also considered possible
affecting factors such as air gap layer and interstitial fluid during the implantation in
my calculations. I have also employed bio heat equations and optical fibre thermal
sensors to establish an indirect method to conduct SAR measurement for the
implantable antennas and verify SAR calculation. Proposed DS-PIFAs exhibit smaller
size, good radiation efficiency and wider impedance bandwidth suitable for

biomedical implant communications.
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CHAPTER - 04

4. TRANSMITTER AND RECEIVER
ANTENNAS FOR INGESTIBLE
WIRELESS CAPSULE ENDOSCOPY
SYSTEMES

4.1 Introduction

In this chapter, miniaturized wideband antennas are presented for ingestible
wireless capsule endoscopy microsystems. The proposed antenna, operating over the
Medical Implant Communication Service (MICS, 401- 406 MHz) band, is suitable to
be integrated to an ingestible wireless capsule to perform as the transmitter antenna.
The planar antenna is first designed to resonate at 400 MHz and later optimized for
enhanced bandwidth and then was modified into a folded antenna to fit inside the
miniature ingestible capsule. Finally, to support the structure and increase the ease of
fabrication, the antenna is printed on a dielectric substrate and its wide band
performance is validated. For the antenna design, two tunning strips connected to a
loop are introduced to excite a new resonance in addition to the main resonance at
MICS band, mainly for bandwidth enhancement of 200%. To verify the wide
bandwidth performance, the measured impedance characteristics of the proposed
antenna are obtained using VNA and an experimental tissue mimicking phantom.

Moreover, a 400 MHz compact CP-PIFA is also presented as receiving base station
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antenna for wireless capsule endoscopy systems. The antenna covers MICS band fully,
has a compact size and circular polarization to enhance the low-level signal reception.
The antenna has also been employed as an element in a body-worn conformal array,
worn close to human body, for receiving the transmitted pictures of the small intestine
took by the capsule. This data can also be used to determine capsule’s position inside
the human body. To verify the performance of the proposed body-worn antenna
(including the conformal array) measurements are carried out using experimental
phantom. I have also evaluated the calculated Specific Absorption Rate (SAR) by

using a measured temperature rise inside a small intestine mimicking phantom.
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4.2 Background Review and Motivation

The majority of the gastrointestinal tract related cancers are curable at early-
stage, therefore, timely detection and diagnoses of cancer related to gastrointestinal
track are extremely important, yet, the features and complexity of the digestive system
restricts the operation of the current examination techniques [62, 64, 70, 71]. The colon
and rectum at the bottom of the GI tract can be examined by using traditional
Colonoscopy. Gastroscopy also may be used to examine the upper gastrointestinal
tract. Small intestine which exists between the rest of the digestive system has an
average length of seven meters and is highly convoluted, hence, the two above
mentioned conventional techniques are not useful to examine any abnormalities in the

small intestine.

Moreover, the special imaging techniques such as Computed Tomography or
MRI are less useful to diagnose the diseases in the small intestine. To overcome these
issues, a non-invasive cable free technique known Wireless Capsule Endoscopy has
been proposed. The ingestible small size capsule includes a digital camera, a wireless
transmitter including an antenna, light and power sources [54, 67]. When a patient
gulps the capsule, it travels through the GI tract about eight hours, takes approximately
sixty thousand color images and instantly transmits them to the base station body-worn

receivers where antennas are worn on the patient’s skin.

The capsule antenna needs to perform a key role in transmitting of the pictures
as the quality of the signal detected by body-worn receiver depends mostly on the
antenna performance inside the human body. The human body can be treated as lossy
dielectric media for electromagnetic wave propagation which absorbs the wave

energy, hence, the received signal power decreases significantly. Furthermore,
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transmitting a number of quality real-time images needs a good power source which

is constrained by room available inside the capsule.

Therefore, the transmitter antenna for wireless capsule endoscopy ideally has to
have the following features: (i), the antenna structure has to be less sensitive to the
variation of dielectric properties of human body tissue especially the GI tract, (ii), the
resonator has to resonate within a standard frequency band such as MICS band and
must provide extra fractional bandwidth to compensate shifting in center frequency,
transmit high resolution images and huge number of data, third, for the patient comfort
the antenna has to be small while its radiation efficiency has to remain reasonable. The
enhancement of the antenna efficiency would facilitate the battery power saving and

high data rate transmission.

Multi-band and wide-band implantable antennas with different configurations
have been reported in the literature [31, 54, 67-69, 140-143]. A n-shaped PIFA antenna
was presented for wideband performance using two meandered strips to excite dual
resonant frequencies [141]. However, it occupies a high volume of 791 mm?, needs
further size minimization for implantation. To reduce the occupied volume, a stacked
antenna with a reasonable bandwidth is proposed in [140], however, lower profile
would be preferred for capsule endoscopy. Conformal configuration is another way
property for capsule endoscopy design [68, 69] beside printed patches on dielectric
materials. Printed implanted antenna on the wall of a capsule proposed in [64, 70], this
reduces the occupied volume by the antenna inside the capsule and save the space for
implanting the necessary sensors and electronic circuits. However, these antennas are
more sensitive to surrounding environment variation results in frequency shifting.
Flexible substrates are also employed to introduce a patch loaded with a

complementary split-ring resonator in [65], covering the ISM band at 2.4 GHz. A
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multilayer miniaturized circularly polarized helical antenna for capsule endoscope
systems is presented in [67] operating over ISM band. The ISM 2400 MHz is not
suitable for communication deep inside the human body compare to MICS 400 MHz

as it leads to higher absorption loss.

My proposed antenna structure covers the lower required frequency band, i.e.
MICS band and has also extra fractional bandwidth to compensate for the frequency
shift due to dielectric body effects so that it can transmit high resolution images.
Furthermore, the proposed antenna has a less sensitivity to variation of dielectric
properties of human body tissue especially GI tract and has a small size to save more

room within the capsule so that other components can be accommodated.

For capsule endoscopy systems, the body worn receiver antennas, are called base
station antennas, have an important role in the detection of the received power from
the capsule when transmitting from inside the body. As the GI tract is a curved non-
linear track, the capsule orientation changes frequently during its journey which results
in polarization mismatch, therefore, employing Rx antennas with circular polarization
would help to overcome this issue. This will help to guarantee a reliable
communication link between the capsule and the body worn base station. The received
signal can be used to localize the capsule position in the digestive system but for this
application an array of antennas are required at base station which are positioned at
different location on the skin. The array element needs to resonate within the MICS
frequency band for this application. Moreover, it must also satisfy the patient comfort,
hence, the array element needs to be small in size and has planar geometry while at
the same time keeping its radiation efficiency to be as high as possible. The human
body effect on the base station array must be considered as the distance between the

antenna array and human body is minimum.
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Multiple-band body-worn textile antennas and wideband on-body antennas with
different configurations have been reported in the literature [144-150]. An extremely
low profile slot patch antenna for on body wireless biosensor is proposed in [78] for
the medical body area network (MBAN). It has a size of 70 mm x 25 mm % 1 mm,
which is compact and is able to maintain its flexible sensor structure and at the same
time enhance its radiation efficiency by locating the proposed antenna at the top of the
sensor as a sensor cover layer. A general design of the coplanar waveguide excited
ITF A, traditionally excited by a microstrip is presented in [81]. This coplanar excitation
permits the bandwidth improvement up to 50% by exciting a new antenna resonance
with the help of ground plane. However, the antennas given in [22, 23] can cover only
the ISM band at 2.4 GHz. PIFA type antenna with different configuration has also
been used for wireless body area network (WBAN) applications [79, 80], however,

the occupied volume is large and the polarization is not circular.

In this chapter, I present transmitter loop antennas with bandwidth enhancement
and compact PIFA with circular polarization for wireless capsule endoscopy systems.
The presented two novel antennas, operating over the MICS band at 400 MHz which
have miniaturized geometry and occupy a very small volume, and have improved
radiation efficiency and low SAR. In addition, I design base station conformal arrays
for body worn receiver using four and six element of CP-PIFA. These CP-PIFA arrays
are designed to be kept close to human body to act as receiver and transfer data to

capsule to help to diagnose the GI tract diseases.
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4.3 Modelling of Human GI Tract Environments

To mimic antenna implantation into different locations inside the body such as
GI tract, the chest, muscle or small intestine, the proposed loop antenna is immersed
inside an inhomogeneous 3-D multi layered complex human body model using
HFSS™ [132]. The numerical model chosen is that of an adult male patient lying on
a table. It consists of over 300 body parts to represent bones, muscles and organs. It
has accuracy at the millimetre level and frequency dependent material property
database is also included. This model can provide accurate results, however, it is not
memory and computational-time intensive. For initial empirical antenna optimization,
I employed cylindrically shaped multi-layered numerical phantoms, as well as
layered-block phantoms. The layer arrangement and antenna position inside the
numerical phantom is shown in Figure 4-1. The antenna is embedded into the muscle
layer (where the multilayer phantom dielectric properties are close to that of small
intestine) under the skin and fat layers and then the antenna performance calculated
using FEKO™ [133]. The thickness of air gap layer and interstitial fluid are ideally
assumed to be zero at this stage of design. Later to verify the antenna performance
inside the human body in different locations such as small intestine, the complex

human body HFSS™ [132] has been employed as shown in Figure 4-2.

4.4 Compact Tx Antenna to Fit into Capsule Comportment

The transmitter antenna is one of the active components inside the ingestible
capsule and has to be integrated with other electrical components viz. biosensors,
LED, camera, electronics, insulation and batteries, for the wireless capsule endoscope

system. The passive and active components inside the endoscopy capsule may contain
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many conducting materials, so it is necessary to study the antenna performance in

presence of these components.

2mm  Skin layer

N 200mm
Figure 4-1. Simulation setup: Block-layered arrangement.
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Figure 4-2. HFSS simulation setup: Complex human torso with GI tract.

Figure 4-3. shows the proposed antenna inside the capsule housing along with
the placement of all the necessary components for the sensor control, data processing,
communication and power supply. The optical dome is filled with air and the
transceiver, battery pack and other electrical components are modelled to be perfectly

electric conductors in the simulations, to determine antenna performance.
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Figure 4-3. Implanted sensor conception: Folded co-planar loop antenna inside the capsule for
endoscopy systems. Maximum dimensions are indicated. Placements of battery and electronics are
indicated to estimate the overall volume occupancy.

Moreover, biocompatible insulation must embed the implantable device to avoid
adverse tissue reaction [151]. The insulation also protects the electronics against the
possible short circuits due to highly conductive human body tissues [152, 153]. The
endoscopy capsule is generally coated with various biocompatible materials such as,
Silastic MDX4-4210 Biomedical-Grade Base Elastomer (e: = 3.3 , tan 6 = 0.01) [51],
Polyethylene (&r = 2.25 , tan 6 = 0.001) [64] and PEEK (Polyetheretherketones, & =

3.2, tan 8 =0.01) [69].

The effective dielectric constant of the biocompatible coating can affect the
resonant frequency of implanted antenna. The centre frequency may also vary for
different thickness of the biocompatible coating material. Studies reported in [48, 152]
establish that different methods of coating results in different coating thickness which
significantly affects the implantable antenna resonant frequency. In this chapter, for
the modelling, PEEK is chosen as the material for capsule shell and biocompatible
coating. I keep the thickness of the PEEK to be 0.05 mm as it has minimum effect on

the proposed Tx antenna based on my HFSS™ [132] simulations.
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4.5 Wideband Folded Co-planar Loop Antenna

The ingestible endoscopy capsule system while traveling through the GI tract
take thousands pictures of the GI tract and transform them using the antenna and
transceiver placed in the capsule in real time. The small sized capsule system needs to
transfer thousands of high resolution images using minimum power during eight hours
of its journey inside the GI tract before it comes out naturally human excretion [62,
71]. Furthermore, different electromagnetic properties of the surrounding
environments may vary the tuning of narrowband antennas. Therefore, to sustain the
ongoing data transfer of the wireless endoscopy system, wideband performance is
desirable for the radiator installed inside the capsule. Moreover, the radiator inside the

capsule must fulfil the system requirements such as low profile and compact size.

Here, I proposed a novel wide band printed folded co-planar loop antenna for
capsule endoscopy systems. Generally small transmitting loop antennas are very
useful when the space is limited [154]. The proposed small loop antenna has also got
a very desirable property related to robustness in performance when located close or
inside the human body. Human body acts as a lossy dielectric media to
electromagnetic waves. The conductivity part of the dielectric content absorbs energy
from the radiated electric fields, which may severely degrade the antenna efficiency.
For dipoles the electric fields are particularly strong in the near field [154] and so its
performance is affected significantly by the presence of human body. However, since
the human body is non-magnetic, there is no significant effect due to magnetic fields.
For the loop antennas, the magnetic fields are strong in the near field and ultimately
support the antenna radiation. This property makes loop antenna ideal candidate for

use in human body. The loop antenna radiation, which is predominantly due to
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magnetic fields, do not get affected when they are placed close or inside the human
body. Therefore, they can provide a lower SAR and higher radiation efficiency for

biomedical implantable and ingestible applications.

The proposed loop antenna structure is designed to operate over the MICS band.
Figure 4-4 shows the top view of the proposed antenna geometry when it is unfolded.
The resonator structure consists of a copper loop strip, size reduced ground plane, a
pair of tuning strip lines and dielectric substrate. The loop in the proposed structure is
designed to have only one turn which is based on experiments reported in the literature
[154] as well as my calculations. I found that increasing the number of turns will
reduce the radiation efficiency. Increasing the number of turns in a loop increases the

inductance and the loss resistance.

On the other hand, when used for lower frequencies, it may require several turns
to obtain the desired resonance. To overcome this issue, I have employed a pair of
tuning strip lines to increase the electric length so that a resonance at lower resonant
frequency can be obtained. In addition, these strips help to support the folded co-planar
loop structure. This technique is different from meandering technique which may leads
to current cancelation in close branches resulting in poor performance. Inserting tuning
strip lines will also excite the second resonance that is close enough to the first

resonance so that a wider bandwidth can be achieved.

The occupied area of the proposed miniaturized unfolded co-planar loop antenna
measures 20 mm x 11 mm which is quite small. However, based on the maximum size
of the capsule, it only could be fitted in the center of cylindrical capsule causing space
constraint for other electronics and optical components within the capsule. To

overcome this issue, I have folded the loop as shown in Figure 4-5. To minimize the
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folding effects on the antenna performance, the position of tuning lines has been
adjusted. The new folded co-planar loop now has a small volume of 266 mm?, 20 mm

X 5 mm X% 2.66 mm and operates over the MICS band with wide bandwidth.

Figure 4-4. Wide band Tx loop antenna geometry: Unfolded version.

4.5.1 Technique for Improved Antenna Design

A well-designed capsule loop antenna is required to maintain two of the

following characteristics at the same time:

-- Small size (in term of wavelength).

-- Radiation Efficiency.

-- Wide impedance bandwidth.
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It is difficult to satisfy them all simultaneously. In other words, small
transmitting loop antennas sacrifice bandwidth for small size and efficiency. The more
efficient they are, the narrower the fractional bandwidth would be. Having a wide
bandwidth and a small antenna reduces the antenna efficiency. Using a dummy load
may help to satisfy the entire three requirement and yet the feeding line becomes a
part of the antenna system and this may increase the size of the antenna. However, by
employing tuning strip lines, dielectric substrate, rectangular matching elements and
modifying the structure size, I successfully achieved an antenna design that fulfil the

entire three requirement.

The tuning strip lines help to reduce the size and increasing the -10dB fractional
bandwidth as explained beforehand. Employing the dielectric substrate reduces the
electrical size of the antenna further and the rectangular matching elements enhance
the impedance matching and support the wideband impedance bandwidth. The loop
antennas generally have a low radiation resistance and its input impedance has a high
inductive reactive component. Hence, it is difficult to match their low impedance to a
50-ohm coaxial line transmitter [154]. Here, to solve this issue, a pair of rectangular
matching elements is placed near the feeding port to match the impedance and broaden
the impedance bandwidth of the resonator. Total length of the folded co-planar loop
strip from A to B is about 54.5 mm, close to the half of the wavelength of the MICS
band center frequency at 403 MHz inside the human body. The antenna is fed by a 50
ohm semi rigid coaxial cable. The center conductor of the cable launches the signal
from the left-side strip terminal A at the feed point and the outer conductor of the cable

is affixed to the right-side strip end B which terminates to the ground plane.
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Figure 4-5. Wide band Tx antenna geometry: folded co-planar loop.

Dense packaging is required to reduce volume of the endoscopy capsule. Hence,
the antenna feeding point is placed in a small predefined area to minimize the
constraints. The feeding point is located at the top of the transceiver so that only a very

short coaxial cable can be used as the feeding cable.

4.5.2 Design of Printed Folded Co-planar Loop Antenna

Since available space in the wireless capsule endoscopy system is extremely
limited, so introducing a very compact antenna is highly significant. Here, I could
successfully reduce the structure size of the folded co-planar loop significantly by

printing it on a dielectric superstrate.

In the previous section, I have folded the loop antenna structure, as shown in
Figure 4-5, to reduce the occupied area. However, the loop strip has a very narrow
width so that the resonator structure needs to be supported and its fabrication can be

quite expensive. Furthermore, it is important to also reduce the antenna height to
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decrease the occupied volume further. To achieve these, I have employed dielectric
substrate and by folding the loop backwards, as shown in Figure 4-6. Moreover, the

height of the loop antenna structure needs to reduce to that of the superstrate height.

I used an FR4 substrate with & of 4.5, loss tangent of 0.02 and thickness of
1.6mm, to print the folded co-planar loop antenna that now occupies a total volume of
160 mm?® which is 40% smaller than the folded model. Moreover, the printed radiator
is now easy to fabricate and the substrate also acts as support structure. The actual
process of antenna manufacturing has to be taken into account in order to avoid
extremely tight tolerances and to maximize the repeatability of the fabrication process.

The detailed parameters of the proposed Tx antenna are given in Table 4-1.

I have also preformed parametric study to make sure that the smallest size
possible has been achieved for the proposed printed loop antenna which covers the
MICS band fully with wideband fractional bandwidth and reasonable radiation
efficiency. I have also employed Rogers 3210 substrate to investigate the effect of
substrate dielectric material on the performance of the printed loop antenna. The size
and performance comparisons with similar types of antennas reported in the literature

are tabulated in Table 4-2.

TABLE 4-1
DETAILED DIMENSION OF THE PROPOSED PRINTED FOLDED CO-PLANAR LOOP ANTENNA
(UNIT: MILLIMETERS)

Parameter Value Parameter value Parameter value
H 2.66 Twl 7 L1 0.33
L 5 Tw2 7 L2 1
W 20 Tl 1.33 L3 24
S1 2.5 TI2 1.33 CwW 0.33
S2 2.5 M 3.33
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Figure 4-64. Wide band Tx antenna geometry: Printed folded co-planar loop antenna.

On the top side of the substrate, a ground plane of width 1.6 mm and length 20
mm is printed which can be use as the system ground plane for the capsule electronics.
The feeding strip ports, matching elements and a tuning strip lines are all printed on
same side of the FR4 substrate, but the rest of the loop is printed on the opposite side.
Here, I need to connect the two printed conductors on two side of the FR4 together by

using two narrow conductor strips as shown in Figure 4-6.

I studied and compared both printed and folded co-planar loop antennas
performance inside the numerical phantom of the GI tract. To mimic the antenna
implantation into the small intestine, the proposed Tx antenna was immersed inside an
inhomogeneous multi layered complex human body phantom using HFSS™ [132].
The Results on VSWR of Folded Co-planar Loop antenna and Printed Folded Co-
planar Loop antenna are compared in Figure 4-7. It reveals that both antennas cover
the MICS band fully and show wide band performance. Reducing the antenna height
and printing on FR4 substrate shifted up the lower edge of the band width by 10 MHz,

however, both antennas have a VSWR of < smaller than 2 up to frequency 1100 MHz.
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The printed version has a radiation efficiency of 0.92% inside the body which is 0.03%

lower than the original version.

2
ll —— No substrate between loops
15
\ = = With substrate support between
o \ Loops (Modified version)
=10
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= \
\
5 .
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Figure 4-7. VSWR comparison of folded and modified loop antennas.

TABLE 4-2
SIZE AND PERFORMANCE COMPARISON OF THE PROPOSED TX ANTENNA

Frequency Fractional

Ref. MHz Antenna Type Bandwidth Vol. mm?
1 1400 Meandered dipole 50, 202 %5
Conformal
[2] 400 Outer-Wall Loop Conformal 65% 17x4
[3] 500 Spiral antenna 21% 392.5
[4] 450 Spiral antenna 14% 235.5
[5] 400 Meandered dipole 37.8% 329
[6] 2400 Helical antenna 26% 299
This work 400 Folded antenna 175% 266
This work Modified 400 Printed folded antenna 175% 160
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The Surface current distribution for the proposed printed folded co-planar loop
antenna at 403 MHz is shown in Figure 4-8. The main current is limited in the closed
loop pattern and feed port area so that the current on the ground plane is low. This
would be beneficial for the capsule application. As the capsule travels through the GI
tract, the human body proximity effect may lead to the current variation and degrading
the antenna performance. In this case the resonating currents are spread out over the
system ground plane resulting poor radiation efficiency and shifting down the resonate
frequencies. The proposed printed folded co-planar loop antenna is a good candidate
for the capsule endoscopy system since the current induced on the ground plane is

small.
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Figure 4-8. Surface current distribution for the folded co-planar loop antenna.
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4.6 Measurements for the Proposed Antenna

The printed folded loop antenna prototype, used as capsule transmitter, is shown
in Figure 4-9. The prototype antenna is printed on FR4 substrate and operates over the
MICS band at 400 MHz. This figure shows the bottom and top views of printed loop
antenna are connected to the coaxial cable. The measurement setup is also shown in
Figure 4-10. Here, in order to verify the performance of the implanted antenna when
placed inside the human body, I have developed a meat phantom that is prepared using
beef. The conductivity and dielectric constants of the experimental phantom were

measured by using dielectric probe kit from 100 MHz to 3 GHz.

The comparison of relative permittivity and conductivity of the beef, skin and
small intestine are shown in Figure 4-11. The measured result on reflection coefficient,
when the printed folded loop antenna was immersed in the experimental phantom,
shows a good agreement with calculated results obtained using complex human body

model as shown in Figure 4-12.

Bottom & View
Figure 4-9. Transmitter antenna on FR4: Top vfew and bottom view.
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Figure 4-10. Measurement setup for Transmitter antenna on FR4.
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Figure 4-11. The comparison of relative permittivity and conductivity of the experimental phantom,
skin and small intestine.
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Figure 4-12. Reflection coefficient comparison: calculated versus measured.

4.6.1 SAR Measurements

To calculate 1-g SAR, due to the loop antenna radiation, inside the small
intestine, complex human body model is employed as shown in Figure 4-2. There are
challenges in measuring SAR inside the human body. Conventionally, an electric field
probe scanning technique is used as a practical method for SAR evaluation which can
be quite expensive. In this work, optical fiber thermal sensors are employed to measure
temprature raise and indirectly obtain SAR. The advantages of using an optical fiber
thermal sensor is that it will not disturb the electromagnetic field within the mimicking
phantom. This method also may be employed over a wide frequency range as it is
frequency independent. Here, I have modified the optical method introduced in [136]
to measure SAR when the device is located inside the human body mimicking
phantom. This method first measurs the temperature rise in the experimental phantom

caused by absorption of the electromagnetic radiation from the Tx printed loop
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antenna. The relationship between the temperature rise and the SAR in an equivalet

human tissue phantom is given by [136]:

p.c%—]; = KV’T + p.SAR @1

Here, T is the temperature in the phantom (in kelvins), K is the thermal
conductivity of the phantom (in watts per meter kelvin) and t is the elapsed time (in
seconds), C is the specific heat of the phantom (in joules per kilogram kelvin) which
is 3400 (J/kg.k) and p is the density of the phantom (in kilograms per cubic meter)

which is 1060 (kg/m®).

Optical fiber thermal sensors:\‘
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Figure 4-13. Schematic of optical fibre sensors arrangement for 1g-SAR measurement.

Figure 4-14. 1g-SAR measurement setup using optical fibre sensors arrangement.
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Figure 4-15. e small intestine.

Equation (4.1) could be simplified when the thermal diffusion is low. In
addition, to evaluate 1-gram average SAR measurements at multiple points are needed
to estimate the temperature rise within the experimental phantom. Figure 4-13 shows
the optical thermal sensors arranged in a 3-D cubic lattice network that completely
covers the 1-gram mass to measure AT in the experimental cubic phantom. This
arrangement for the optical fibre thermal sensors is similar to the same arrangement [
used in Chapter 1. As the density of the phantom material is around 1000 kg/m?, the
side lengths of a 1-g mass cube are approximately 10 mm, so that, optical fibre thermal
sensors should be arranged in a 3D network by choosing 18 temperature measurement
points to evaluate 1-g SAR. The optical sensors are placed at depth of 0.5 and 1.5 mm
under the skin with 5 mm intervals over the X-Y plane parallel with radiator surface.
Here, 1 have employed Luxtron FOT Lab Kit and STM and STB optical thermal
sensors (from Luxtron, Ltd) to measure temperature rise in the experimental phantom

due to radiation.

The input power for the antenna was set to 10dBm (10mw) at 400 MHz and the

equivalent phantom was exposed to antenna radiation up to 30 minutes while the
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thermal sensors measured the resulting temperature rise in the mimicking phantom.
The SAR measurement setup is shown in Figure 4-14. The calculated 1-g SAR for the
input power level of 0dBm would be 1w/kg, as shown in Figure 4-15, while the
measured result indicates 4.8w/kg for 1-g SAR with 10dBm input power. This
measurement result reveals that 1-g SAR is above the limitation with 10dBm input
power so that the input power must be set to less than 3dBm (2mw) to satisfy 1-g SAR

regulation.

4.7 Body-worn Antenna for Base Station Array

The video data radiated by the ingested capsule is received by a base station of
receivers whose antennas are worn on the body of a patient. Hence, the base station
antennas play a very important role for disease diagnosis. The receiving antenna for
the wireless capsule endoscopy system has to be body-worn antenna type and must
have low profile, electrically small size and good impedance bandwidth when placed
close to the human body. Moreover, it must satisfy the patient comfort and safety.
Furthermore, the Rx antenna should have circular polarization (CP) to minimize the
polarization mismatch. Usually the capsule Tx antenna is designed for liner
polarization, on the other hand, the orientation of the wireless capsule, while traveling
inside the small intestine region, changes frequently, so that, the chance of polarization
mismatch is high. In this case, employing receiver elements featuring circular
polarization is important to improve the overall system performance by detecting
linearly polarized transmitted signals that are radiated by capsule undergoing different

orientations inside the body.
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Figure 4-16. Geometry of proposed receiver antenna.

Here, I propose a compact CP-PIFA element suitable for array of base station
receivers useful for wireless endoscopy systems. I first investigate the performance of
a single CP-PIFA element and then employ it to form an array of receiving base station
antennas for capsule endoscopy system. The proposed geometry, shown in Figure
4-16. resonates at the desired frequency bands when structure size is modified and
shorting point location is adjusted. The antenna structure consists of a printed radiator

patch, a ground plane, a substrate, a shorting pin and a feeding port.

4.7.1 Numerical Phantoms for Simulations

The proposed receiver antenna performance has to be evaluated in presence of
the human body numerical phantom while the capsule transmitter is placed inside the
small intestine. To perform these calculations, I used the full human body of HFSS™
[132] same as the one used in pervious sections. This frequency dependent human
body model is a complex inhomogeneous multi layered numerical phantom with a

high accuracy to the millimetre level.
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I

&

Figure 4-17. Simulation setup: CP-PIFA placed close to the Complex human torso.

To quickly optimize the antenna design, I have performed initial simulations
using multi-layer block model shown in Figure 4-1. Finally, the proposed compact
CP-PIFA was placed very close and in front of the HFSS complex body model to

validate its performance.

4.7.2 Design Procedure of Compact CP-PIFA

The body-worn antenna design procedure is carried out in three steps. Firstly, a
rectangular patch antenna is designed to operate over MICS band at 400 MHz when
placed very closely to a multi-layer tissue mimicking numerical phantom. Secondly,
two slots are added on to the patch purposefully and simultaneously the geometrical
parameters are varied to obtain resonance at the operating frequency band. Later the
model of the CP-PIFA with a tuned shorting pin is placed closely to the skin of

complex human body HFSS model for a precise simulation as shown in Figure 4-17.
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For the proposed CP-PIFA the length and width of the patch determine the
resonant frequency while proper shorting pin position improves the impedance
matching. The advantage of the proposed receiving antenna is that its structure can be
miniaturized and can be retuned easily by adjusting the slots’ position and size. It can
also provide circular polarization over MICS band. Moreover, the antenna simple
geometry offers design flexibility so that it can be easily tuned for other bands of
interest such as ISM band. This can be achieved by reducing the geometry size using
a fixed reduction factor, that is related to the wavelength of operation, and optimizing

the sizes of the slots and the ground plane.

To radiate circular polarization, antenna should have surface current distribution
with two orthogonal components. Here, I have inserted two opposite slots in the CP-
PIFA geometry to perturb the surface current distribution and support two orthogonal
component viz. X and y components of currents as shown in Figure 4-18. These
orthogonal currents produce circular polarization even when the antenna is placed
close to the human body model in free space. Figure 4-19 shows the presented receiver
antenna axial ratio performance when it is placed close to complex human body model
using HFSS™ [132]. From this figure one can see that the receiver antenna has circular

polarization characteristic over its operating band.

Furthermore, these two symmetrical slots on the planar patch of proposed
CP-PIFA make the surface currents propagate over a longer path along the slots’ edge
so that the radiator resonates at lower frequencies. This feature significantly helps to
reduce the size of the CP-PIFA geometry and make the antenna to be electrically small.
By moving the slot position to the left and right sides of the patch, the center frequency
is found to be shift up and down. This is useful when the fine tuning of antenna

resonant frequency is needed. One may also adjust the center resonance frequency by
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changing the slot’ length, however, this may deteriorate the axial ratio greater than
3dB which results in poor circular polarization. This may have significant negative

effect on received signal quality and degrade overall system performance.
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Figure 4-19. Receiver antenna axial ratio (A.R).
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For PIFAs, it is well known that increasing the size of the ground plane will help
to increase the antenna bandwidth, however, it increases the size of the antenna
structure simultaneously. Hence, in this chapter, I chose the ground plane size to be
minimum. The detailed parameters of the proposed base station antenna element are
given in Table 4-3. The calculated radiation efficiency for the both of the proposed
transmitter printed loop antenna and the receiver CP-PIFA base station antenna are
tabulated in Table 4-4. To calculate radiation efficiency I have employed the complex

human body numerical phantom of HFSS™ [132].

TABLE 4-3
DETAILED DIMENSION OF THE PROPOSED CP-PIFA (UNIT: MILLIMETERS)

Parameter Value Parameter value Parameter value
Lsl 15 Lil 10 Yp 2
Ls2 15 Li2 10 Yo 10

W 36 Wg 40 Wsl 4
L 32 Lg 36 Ws2 4
TABLE 4-4

SIZE AND PERFORMANCE COMPARISON OF THE PROPOSED CP-PIFA RX ANTENNA

Reference Freq. Band Type Bandwidth  Vol. mm?3
[40] 400 MHz  Folded meandered dipole 10% 4320
[41] 400 MHz Circular patch 3% 742
[42] 400 MHz Fractal antenna 2% 6208
[43] 2400 MHz Button antenna 4% 6806

This work 400 MHz Compact CP-PIFA 5% 893

TABLE 4-5

RADIATION EFFICIENCIES OF PROPOSED ANTENNAS IN THIS CHAPTER

Radiator Type Operating Frq Band Calculated Efficiency
Tx Folded loop antenna MICS 0.92% at 400MHz
Rx CP-PIFA MICS 64% at 400MHz
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To further miniaturize the overall size of antenna structure the presented body-
worn antenna and reduce mutual coupling effect, I have employed low loss Rogers
3210 substrate with dielectric permittivity of 10.2, loss tangent of 0.0027 and thickness
of 0.64 mm. The aim is to reduce the substrate loss as R.3210 substrate has a lower
loss tangent at 400 MHz than substrate FR4. The proposed base station antenna can
cover MICS band fully, has electrically small size, can radiate circular polarization
and has good radiation efficiency. It has also simple geometry, low profile and less
weight. The size and performance comparisons with similar types of antennas reported
in the literature are tabulated in Table 4-5. The Rx antenna geometry shown in Figure
4-16. has a total size of 40 mm % 36 mm for the ground plane, has a width of 36 mm
and length of 32 mm for the top patch. The slots’ length and width are 15 mm, 4 mm

respectively and the feeding point is located 4 mm away from the shorting pin.

4.7.3 Measurements on Compact CP-PIFA

The compact CP-PIFA prototype, shown in Figure 4-20, resonates at 400MHz
with the total patch length of 40mm and width of 36mm. The top patch and the ground
plane are printed on both the sides of the Rogers 3210 substrate and the feeding point
is connected to a coaxial cable trough the SMA connector. Figure 4-20 also illustrates
the measurement setup where the antenna is placed very close to experimental meat
phantom. To verify the proposed antenna performance when it is placed very close to
the human body, I employed a similar meat phantom that is discussed in section 3.6.
The conductivity and dielectric constants of the experimental phantom are also
measured to validate its electromagnetic characteristics. The measured result on

reflection coefficient, when the compact CP-PIFA was placed very close to the
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experimental phantom, shows a good agreement with the calculated results obtained
using complex human body numerical phantom as shown in Figure 4-21. The
measured and calculated results on S12, where the proposed printed loop antenna acting
as the transmitter and the proposed CP-PIFA acting as receiving element are also

compared in Figure 4-21.

Figure 4-20. Receiver antenna: prototype and measurement setup.

To verify the circular polarization characteristic of the proposed receiver body
worn base station antenna, [ placed the Tx antenna inside the experimental phantom

at three different orientations viz. vertical, horizontal and +45° slant using complex
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human body model. I observed maximum variation of 1.6dB for Si2 over the MICS
band confirming that the CP-PIFA has good circular polarization properties. The
compact CP-PIFA has a measured bandwidth of 20 MHz and provides circular
polarization over the complete MICS band which is significantly valuable when
considering slight changes in dielectric properties of human tissue/skin and variation

of capsule orientation inside the human GI tract.
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Figure 4-21. The reflection coefficient and S parameter comparison for CP-PIFA receiver antenna:
Measurement versus simulation.

4.8 Receiver Array for Wireless Endoscopy Systems

For wireless capsule endoscopy system, receiver unit collects and records the
images transmitted by the transmitter inside the capsule. The receiver recording unit
is connected by wires to the base station array consisting of several Rx antenna
elements worn very close to patient skin in different locations over the abdomen. The
wireless links using high frequencies are commonly used due to the advantages such

as higher data rate, small size electronics and antenna, however, these links suffer from
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higher path loos and higher tissue penetration losses. Therefore, in order to provide
reliable wireless communication link and minimize the losses, the receiving array must
be placed very close to the skin of human body. On the other hand, human body acts
as a lossy media to electromagnetic waves and has deleterious effects on antenna array
performance. Hence, the effect of the human body has to be considered during the

array design and antenna placement.

4.8.1 Numerical Phantoms for Simulation

The Rx antenna array performance has to be evaluated in the presence of the
human body numerical phantom while the transmitter folded loop antenna is placed
inside the small intestine of the phantom. The system requirement is that the Rx array
has to cover complete MICS band fully when it is quite close to the human body. To
achieve this, I have modified the antenna size as given in Table 4-3 in such a way to
make it resonate at 400 MHz. To perform these calculations, I used the same HFSS™
[132] numerical phantom that I discussed in pervious sections. This frequency
dependent human body model is a complex inhomogeneous multi layered numerical
phantom with a high millimetre level accuracy. To accelerate the array performance
validation, I have conducted initial calculations using cylindrical multi-layer block
model. Finally, the proposed array of compact CP-PIFA was placed very close to the

complex body phantom to validate its performance.
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4.8.2 Antenna Array Design

I propose a conformal array of CP-PIFA receiving elements for the capsule
endoscopy receiving base station. The compact CP-PIFA presented in previous section
is chosen as the array antenna element. For initial design, I have employed a four-
element array and a homogeneous cylindrical numerical phantom as shown in Figure
4-22. The transmitter printed loop antenna is placed inside the small intestine
mimicking phantom while the receiver antennas are positioned very close to the body
skin in all the front, back, left and right direction of the human body. I have already

considered the influence of human body when designing the single antenna.

ISt

W

L
=2\

Figure 4-22. Simulation setup to calculate antenna performance: The HFSS complex human body
numerical model and simplified cylindrical homogeneous human tissue phantom.

However, when using multiple antenna elements to form an array, the effect of
mutual coupling must be considered for optimum performance. Mutual coupling may

change the current distribution on antenna surface and alter the antenna's radiation
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pattern as well. Mutual coupling can also degrade the antenna efficiency as well as
axial ratio. To reduce the effects of mutual coupling and adjust the resonant frequency,
I have optimized the length width and position of the two rectangular slots inserted
into the top patch previously. These two symmetrical slots on the planar patch make
the surface currents travel a longer path along the slots’ edge so that the radiator
resonates at lower frequencies. This will help to compensate the center frequency up
shift due to the mutual coupling effect. Thus the modification, shown in Table 4-6, are

made to retune the antenna resonance at 400 MHz.

Furthermore, the effect of mutual coupling can be reduced by increasing the
displacement between the elements, however, this may change the array radiation
pattern in undesirable way. Therefore, the spacing between the elements has to be
adjusted in such a way to optimize system performance. The proposed Rx antenna has
electrically small size of 0.0531 x 0.048\ so that the distance between elements can
be reduced without undergoing the mutual coupling effect. This will allow to increase
the number of array elements at different location on the body. Increasing the number
of receiving array elements result in robust communication link as more antennas
receive transformed data. Thus, I have increased the number of the array element to
six. The receiver antennas are placed around the skin close to the abdomen. The
proposed array arrangement is shown in Figure 4-22, in which the proposed array,
having circular polarization, can receive transformed data from all directions around
the body when connected to a wearable receiver. It also increases the sensitivity of

the received signal for a better signal transmission.
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TABLE 4-6
DETAILED DIMENSION OF THE PROPOSED CP-PIFA (UNIT: MILLIMETERS)

Parameter Value Parameter Value Parameter value
Lsl 15.5 Lil 11 Yp 2
Ls2 15.5 Li2 11 Yo 10

4 36 Wg 40 Wsl 4.4
L 32 Lg 36 Ws2 4.4

4.8.3 Measurements

To verify the array antenna performance when it is placed close to the human
body, I employed a larger meat phantom for experimentation which is similar to the
one | prepared in section 1.7.3. The experimental phantom, in this case, has a size of
400mm x 200mm x 400mm. The conductivity and dielectric constants of the
experimental phantom are measured, using dielectric probe, to validate its
electromagnetic characteristics. The antenna array prototype, consists of six compact
CP-PIFAs, is shown in Figure 4-23. In the measurement setup, the CP-PIFA Rx
antennas are placed very close to the experimental phantom, to mimic the real

situation.

The measured result on reflection coefficient, when the array placed very close
to the experimental phantom, shows a good agreement with calculated result using the
HFSS numerical complex human body phantom. The measured and calculated results
on s-parameters for the proposed printed loop transmitter antenna and CP-PIFA
receiving elements are also compared in Figure 4-24. The magnitude of the received
signal is related to the path loss which can be used to localize the transmitter location

inside the human body.
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Figure 4-24. Power received at six receiver ports.

127



Ix AND Rx ANTENNA FOR INGESTIBLE WIRELESS CAPSULE ENDOSCOPY SYSTEMES

4.9 Development of Path Loss Model for Heterogeneous Human
Body Based on Received Signal Data

In-body and On-body wireless communication experience loss in the form of
absorption and attenuation. Therefore, introducing a path loss (PL) model is necessary
to identify these losses in measurements and simulations using mimicking phantoms.
Here, the path loss model is mainly concerned with ingestible wireless capsule when
transmits video data of the GI tract. In this application, as the capsule travels through
GI tract, it is surrounded by different tissue environment with different
electromagnetic properties. The path loss model is calculated based on 3-D
electromagnetic numerical phantom and the results will be validated with measured
data obtained using meat phantom. Developing a path loss model will help to
understand the effects of the dielectric properties of the surrounding human body
tissues and the power attenuation. Simulations are further extended for different
locations and orientations of the capsule transmitter antenna inside the small intestine
operating in MICS band. Furthermore, path loss in homogeneous numerical phantom
is computed and compared with the path loss obtained using realistic model having
heterogeneous tissues. To obtain numerical data, I use two different set of receiving
antennas, CP-PIFA and insulated dipole antennas, as base station receiving antennas.

The printed loop antenna is used as the capsule transmitter antenna.

4.9.1 Setup for Homogeneous Body Tissue: Insulated Dipoles

Initially I have investigated the wave propagation at 400 MHz in human small
intestine tissue with relative permittivity of 64 and conductivity of 1.35 S/m. I have

developed identical dipoles where each dipole arms are perfect electric conductors
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(PEC) made with radius of 1 mm covered with an insulation made of
polytetrafluoroethylene (er = 2.1 and 6 = 0 S/m). [ have employed dipole antennas for
this study as they have a simple structure and also simple to analyse. The advantage
of insulated dipoles over the bare dipoles is that the insulation prevents the leakage of
conducting charges from the dipole and reduces the sensitivity of the entire surface
current distribution with respect to the electrical properties of the ambient medium.
This feature makes insulated dipoles useful for on-body wireless wideband
communication [89]. Simulations are performed using a 3-D electromagnetic solvers

including FEKO and HFSS.

The wavelength of the EM wave is affected by the medium in which it
propagates which must be considered when designing implantable antennas for
biomedical applications. The effective wavelength of propagation in a lossy medium

such as a small intestine is given by,

2T

r=
ﬁl

(4.2)

Here, A’ is the wavelength of the signal in a lossy medium and B’ is the phase
constant of the signal in a medium having a relative permittivity of €, and a

conductivity of g,

B = w\/%( 1+ (w‘;)2 + 1> (4.3)

where, u is the permeability, which could be taken as unity since human body is

considered as non-magnetic medium. To develop a path loss model, initially, a
homogeneous small intestine numerical phantom, shaped cylindrically as shown in
Figure 4-25, has been used. It has a height (/) of 300 mm, diameter (D) of 260 mm,

dielectric constant of 64 and conductivity of 1.35 S/m at 400 MHz.
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I employed 36 insulated dipole antennas which are placed around and very close
to the homogeneous cylindrical phantom as illustrated in Figure 4-25. The dipoles
separating is 66 mm and all are equidistant from each other and arranged in three rings
with 12 antennas in each ring. The printed loop is immersed inside the cylinder to act
as capsule transmitter antenna and half wavelength dipoles provides the opportunity

to investigate the path loss feature. The Tx and Rx antennas are separated by a distance

up to 260 mm.
D Cd
Tx Antenna
H 0 []
[} 0 * . [
) 0 [) .
Rx Antenna

Figure 4-25. Side View (left) and Top View (right) of the Simulation Setup using dipoles as receivers
and printed loop antenna as transmitter.

For the receiver and transmitter antennas having a separating distance d, in free
space, the received power can be derived using the Friis’ Free Space Propagation law

[155], given by

Pr(d) =

P.G,G, ( A )2 (4.4)

L \4nd

where, P.(d) is the received power, P; is the transmitted power, G, is the
receiver antenna gain, G, is the transmitter antenna gain, d is the distance between the
receiver and transmitter antennas and L accounts for the miscellaneous system losses.

For ideal situations, the miscellaneous system loss, L, can be neglected (L = 1).
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Assuming a reference receiver antenna is located in the far-field of the transmitter
antenna at a distance, d, such that d, < d, where d is taken as the maximum distance
between the receiver and transmitter. I can rewrite equation (4.4) to accommodate d,,

as follows:

P(d) = P,G,G, (%do)z(%)z (4.5)

where, A is the wavelength of the transmitted signal in meters.

When using the logarithmic scale, the path loss defined as the difference

between the effective transmitted power and the received power. Therefore, I get:

1;_: _ [GtLGr ( ﬁ )Tl (4.6)

Converting equation (4.6) into logarithmic scale, I get:

2

PLiyy = 10logt = —10log 2% (i) (4.7)
[45] P. L \4nd

Using equation (4.5) into equation (4.7) I can obtain path loss as:

GG, 1 A \* do\*
PL(d)[dB] = Pt[dB] - Pr(d)[dB] = - 1010g I (47‘[d0) + 1010g (7)
or,
d n
PL()(a5) = Pegas) — Pr(Dias) = = [—PL(do)[dB] ~1010g(7-) ] (48)

where, the path loss exponent 'n’ signifies how the received power is decreased

which is environment specific.

For a two port network, the path loss can also be expressed in the terms of the

scattering (S) parameters. For a pair of receiver and transmitter antennas, the S2i
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parameter is the ratio between a wave coming out of port-2 and a wave going into

port-1 and can be written as [156],

vy

Sa1 = V_1+ (4.9)

where, V' is the voltage value of the wave entering to the first port and V;
signifies the voltage value of the wave coming out from the second port. Assuming

the ports to be impedance matched, equation (4.9) can be expressed in terms of power

as,
P,
Spul?= =
1521 = 5
or,
! _ & (4.10)
152412 Pr '
Converting equation (4.10) to logarithmic scale,
P
—101og|S,,]?> = —201log|Sy,| = 1010gF
).
or,
—1S211{a] = Pe[am] — Pr1agm (4.11)
Therefore, from equations 4.6 and 4.9, path loss is equal to,
PLigg) = —1521l[as (4.12)

The |S21|i48) data is collected for each of the 36 transmitter receiver pairs while
setting up the numerical calculation using FEKO™ [133]. Figure 4-26 shows the
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scatter plot of the path loss data as a function of distance d for the insulated dipole

obtained from the calculation using the numerical phantom illustrated in Figure 4-25.
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Figure 4-26. Scatter Plot of Path Loss Data.
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4.9.1.1 Path Loss Model

The calculated results in the previous section are used to develop a PL model as
a function of distance when a 400 MHz transmitter capsule antenna is placed inside a
small intestine. The pass loss model developed using calculated data may be

represented as follows:

PL|45 = a;(10loge?)l + Kq| 45 forl=1, (4.13)

PL|45 = a,(10loge?)l + K, 45 forl <1, (4.14)

where / is distance in millimeter, /» (mm) is a distance where the mutual coupling

reduces significantly between the Tx and Rx antennas, a; and a2 (1/mm) are the
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attenuation constants and Ki|ss and K:|as are constants. This model includes two
regions, region one, where /> [, and region two where / < /. In the first region, there
is very little mutual coupling between the Rx and Tx. Region 2, the Tx antenna is very
close to the receivers with a separation varying from 0 to 6.25 cm. In this region, when
Tx and the Rx are placed closely, the mutual interaction can affect the impedances due
to the mutual coupling. As mentioned earlier, in the other region, mutual coupling
effect is low and the input impedance of both of the Tx and the Rx remain constant.
The parameter values in (4.13) and (4.14) can be obtained by employing least square
error method. However, to develop a more realistic path loss model, more data using
realistic numerical phantom are required. In next section, to obtain more realistic data,
I have employed a complex heterogeneous human body phantom and also changed the

Tx antenna location and orientation inside the small intestine phantom.

4.9.2 Setup for Inhomogeneous Body Model: Half-Wavelength Dipoles

For realistic simulations, I have employed an inhomogeneous 3-D multi layered
tissue phantom using HFSS™ [132]. The numerical model is an adult male patient
consists of over 300 body parts to represent bones, muscles and organs. It has high
accuracy in tissue size and use frequency dependent material property database. For
different tissues &r has a variation of 5 < & < 75 and ¢ may vary between 0.3 S/m <o
< 3.5 S/m for calculations in MICS band. To determine the influence of & and ¢ on
path loss, simulations are carried out using the insulated dipole antenna explained in

the previous section.
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200 150

Figure 4-27. Setup for calculating scattering parameters data using half-wavelength dipoles as
receiver. a) Complex human body phantom, b) The position of Rx antennas (in red) and Tx antenna
(in blue) around the body model.

Here, the printed folded loop antenna placed inside the small intestine phantom
as the capsule transmitter and the insulated half wavelength dipole antenna array is
employed as base station receiver array placed close to human body. The dipoles are

made to resonate at 400 MHz. I found that the dipole antennas in the array resonate at
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400 MHz when length of the dipole, L1 = 24 cm, is equal to half the wavelength in a
medium whose dielectric properties are the combination of the dielectric properties of
insulation and the human tissue medium. The dipole arms diameter (t1) are set to 1
mm and the diameter of the insulation layer (t2) is 1.5 mm. The setup for collecting
the [S21|iaB] data is as illustrated in Figure 4-27. The receivers are arranged in three
rings surrounding the body with 12 antennas in each ring. A total number of 36
receivers are used to collect the data for a single position of the capsule. Using more
Rx antennas in each ring can introduce mutual coupling resulting in an impaired

performance in the desired band.

The S-parameter calculated and |S21|(45) data is collected for each of the 36 Tx-
Rx pairs using the HFSS inhomogeneous complex human body model. Figure 4-28
shows the scatter plot of the calculated path loss as a function of distance d between

the insulated dipole array and capsule transmitter placed inside the GI tract phantom.
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Figure 4-28. Scatter Plot of Path Loss Data.
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Figure 4-29. Setup for calculating scattering parameters using CP-PIFA as array antenna receiving
element. Rx arrays are placed in three rings consisting of six CP-PIFAs each (total of 18 antennas).

4.9.3 Path loss calculation using compact CP-PIFA as receiver antennas

A practical base station receiver array for wireless capsule endoscopy system
has to be small and compact to satisfy patient comfort and safety, so that the size and
the number of the Rx antennas must be minimum at the same time collecting
transmitted data effectively. The insulated dipoles can be long to be used in a practical
base station array for wireless endoscopy. To be more realistic, I employed the
proposed the CP-PIFA and the printed loop antenna as Rx and Tx antennas. Here, the
number of Rx antennas are reduced to six placed in one ring around the complex
numerical body phantom. The eighteen receiver antennas have been distributed in
three rings with a spacing of 36 mm between each rings to minimize potential mutual
coupling, the antenna arrangement for the simulation set up is depicted in Figure 4-29.
The |S21|dB] data was collected by placing the proposed printed folded co-planar loop
antenna acting as capsule Tx antenna within the small intestine phantom. The position
of transmitter antenna was changed to multiple locations and the received fields are

collected for a precise path loss modeling for each and every position.
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Figure 4-30. Scatter Plot of Path Loss Data.

A scatter plot of the path loss data as a function of distance d between Tx antenna
(printed loop) and CP-PIFAs is shown in Figure 4-30. Form this plot, one can observe
that the path loss varies from 15 dB to 63 dB. The small intestine is a meandering
structure and has winding path through which the wireless capsule travels and while
it is moving, the orientation of the capsule may change frequently. Here, I try to
simulate these conditions in the mimicking phantoms. To test the robustness of the
designed Tx and Rx antennas and improve the path loss calculation, the orientation of
the Tx antenna is shifted by 90° while the orientation of the Rx array antennas are
fixed. Them, the |S21|a] data is collected, the path loss values are calculated and
compared with the previous results. [ have observed that the new results show a good
agreement with previous results. This calculation shows that the functioning of the
transmitter antenna is not affected by its orientation and receiving antennas are able to
establish a communication link with the wireless capsule even its orientation is
changed. This has also been verified for many different positions of the transmitter as

shown in Figure 4-31.
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150200 150

Figure 4-31. Setup for calculating scattering parameters for the different positions of transmitter and
receiver antennas. Rx arrays are placed in three rings consisting of six CP-PIFAs each.

4.9.4 Experimental Validation

In order to verify the calculation results experimental work have been conducted
using Agilent E7051C vector network analyzer to measure the scattering parameters,
[S11/dB and |S21]aB, between transmitter and receiver antennas. The experimental setup
is shown in Figure 4-23 using a meat phantom whose approximate dimensions are

400 x 260 x 400 mm.

The fabricated printed loop antenna is employed as the Tx antenna and which is
fed using a coaxial cable connected to the VNA after being embedded inside the
experimental meat phantom. For the base station receiving antenna array, a six-
element array of CP-PIFAs is fabricated and each of the elements are placed around
the experimental phantom to form the receiving array. The six Rx antennas are kept
parallel to the phantom at a height of 150 mm around and at a minimum distance to
the surface of experimental phantom and the Tx antenna is embedded inside the meat
phantom. For the different position, the |S21|ds) data was measured at each receiver

antenna at 400 MHz and then used for path loss calculation.
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Figure 4-32. Setup for collecting the |Si2|;qp; measured data for the proposed Tx and Rx antennas.
Total of six receiver antennas are used.

Setup for collecting the [Si2 |[dB] measured data using a total of six proposed CP-
PIFA is shown in Figure 4-32. A scatter plot of the path loss for different distance
between Tx and Rx antennas is illustrated in Figure 4-33 and is linearly fit for one

transmitter position.
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Figure 4-33. Path loss data for Tx antenna position-1 inside the meat phantom. The lowest path loss
recorded is around 15 dB while the highest is around 45dB.
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More measured data has been collect by repeating the experiment for three
separate positions of the transmitter antenna. For each measurement, the transmitter
antenna position inside the experimental phantom is moved by steps of 50 mm from
position-1. The measured data in [Si2 |dB] for the Tx Position-1, 2 and 3 appear to be
very similar. Setup for collecting the |S12 |[4B] measured data for three different location

of Tx antenna is shown in Figure 4-34.

®  Receivers ® Tx Position 1 ® Tx Position 2 ® Tx Position 3

400
300 —
—_ )
£
£ 200 — °
N El = @ = "
100 —
0 T T T T T T T
0 50 100 150 200 250 300 350 400
X [mm]

Figure 4-34. The side view of the measurement setup for the |Si5 |jas] data collection using the array of
six compact CP-PIFAs for three different positioning of Tx antenna.

The path loss data can be used to localize the transmitter. To estimate the
ingestible wireless capsule location with a high level of accuracy, it is necessary to
place the array of receiving antennas in such a way that the signals transmitted by the
capsule, which is traveling through the entire area within the GI tract, are covered.
This will help to record the signals transmitted from various positions without missing
any of the signals. I could cover the entire area in the experiment using only six
compact CP-PIFAs in the receiving array. The signal quality of received data confirms
that the radiation performance of the proposed antennas are appropriate for this

application.
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4.10 Discussion

A printed loop antenna with bandwidth enhancement is presented for ingestible
wireless capsule endoscopy systems operating over the MICS band. The antenna is
folded and printed on FR4 substrate to miniaturize the antenna geometry. The printed
antenna fits inside the endoscopy capsule, occupies a very small volume of 160mm?,
and has a bandwidth enhancement of 200%. I have also evaluated the calculated SAR
by using an indirect thermal method to measure the SAR inside the mimicking
phantom. Moreover, a compact CP-PIFA is also presented as receiver base station
antenna for wireless capsule endoscopy systems. The antenna covers MICS band fully,
has a compact size and circular polarization to enhance the low-level signal reception.
The antenna has also been employed to form a conformal array placed closely to

human body to communicate with wireless capsule.

I have also carried out empirical path loss model for homogeneous and
heterogeneous human tissues using numerical models and equivalent experimental
phantom. I employed proposed printed folded co-planar loop antenna as transmitter
and compact CP-PIFA as array receiving elements. To validate the calculations with
measurement, conformal array of six CP-PIFAs and a meat phantom with approximate
size of 400 x 260 x 400 mm were employed. To examine the robustness of the
designed Tx antenna and the accuracy of the developed path loss, the orientation of
the capsule shifted by 90° while the orientation of the Rx antennas are fixed. I
concluded that the functioning of the transmitter antenna is not affected by its
orientation and receiving antennas are able to establish a communication link with the
wireless capsule. This was also verified for a couple of different positions of the

capsule within the numerical and experimental phantom.
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CHAPTER - 05

5. MINIATURIZED ANTENNAS FOR
HEAD IMPLANTABLE DEVICES

5.1 Introduction

THis chapter presents implantable miniaturized single slot planar inverted-
F antennas (SS-PIFAs) and folded oval loop antennas for head implantable biomedical
applications. I have used a simple geometry to propose miniaturized SS-PIFAs that
can operate over a variety of biotelemetry frequency bands. Every presented SS-PIFA
is carefully tuned to cover either of Medical Implant Communication Service (MICS)
400 MHz, Zigbee at 868 MHz, Wireless Medical Telemetry Service (WMTS) band at
1430 MHz and Industrial, Scientific, and Medical (ISM) band at 2.4 GHz. To satisfy
the wideband antenna requirement for head implant devices, I have presented a
compact folded oval loop antenna covering MICS band up to 1 GHz. The radiator is
first designed and optimized in planar form and then by introducing two tunning strips
connected to an oval loop, a new resonance is excited in addition to the main
resonance. This leads to bandwidth enhancement of 200%. The comprehensive
knowledge gained in previous chapters (three and four) helped us to design both SS-

PIFAs and folded oval loop antennas.

I have also investigated the effects of the antenna geometry parameters on radiation

performance using empirical parametric studies to further reduce the size of the
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antennas. Following the systematic process, I could successfully achieve the design
for compact folded oval loop antennas and miniaturized SS-PIFAs. The impedance
characteristics of the proposed antennas were measured using experimental tissue
mimicking phantoms. Moreover, | have compared the calculated SAR with measured

SAR obtained by using an indirect thermal method inside the mimicking phantom.

5.2 Background Review and Motivation

Monitoring and controlling of the increased Intracranial Pressure (ICP) are
necessary for the treatment of the people suffering from the head injuries (e.g.,
traumatic brain injury (TBI)) and diseases of the brain such as hydrocephalus. The
increased Intracranial Pressure is the pressure inside the human body skull, which
contains the human brain, blood and cerebrospinal fluid (CSF) [157, 158]. ICP is an
important factor for the management of different cerebral disorders and trauma. It is
one of the key indicator of the brain tissue and cerebral vascular status. People
suffering from craniocerebral trauma due to the skull injury as well as patients facing
neurological disorders such as hydrocephalus need monitoring of ICP for their medical
management. Increased ICP may lead to permanent damage to the patient’s brain or

cause disability or even death.

During the neurosurgical procedure, a compact intracranial pressure monitoring
device can be implanted inside the cranium to facilitate future ICP measurement. A
key component of this is the antenna which facilitate the wireless communication for
the device. A planar inverted F antenna (PIFA) operating at 2450 MHz is presented in
[35] for intracranial pressure (ICP) monitoring systems. Comparative studies carried

out in [94] for short dipole and loop antennas implanted inside the head for different
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frequency bands. Furthermore, the communication link performance of a small loop
antenna operating at MICS band is characterized when placed under the scalp for ICP
monitoring [93]. However, head implantable antenna design, regardless of the
operating frequency band, faces major challenges including miniaturization, improved
radiation performance and bandwidth enhancement. In general, due to the high
dielectric loss, caused by the human body, the total radiation efficiency of the
implanted antennas decreases. On the other hand, for the head implantable antennas,
the overall structure size has to be small. The smaller size and lower efficiency coupled

with lower radiation power can lead to a shorter communication range.

To overcome these issues, many head implantable antennas including planar and
non-planar structures, such as annular slot antenna and miniaturized stacked type
antennas are proposed [159, 160]. Arye Rosen et al. [33] developed and verified an
embedded compact wireless ICP sensor, including a new radiator and packaging
preparation. The proposed annular slot antenna has a size of 20 X 22 mm which is
large for head implants systems. The radiator has small efficiency of 0.5% — 1.0%
depending on the coating thickness. Gosalia et al. [97] employed a pair of small
microstrip planar patch antennas and analyzed a data telemetry link at two standard
frequency bands of 1.45 GHz and 2.45 GHz for retinal prosthesis. Soontornpipit et al.
[45, 48], who investigated the performance of serpentine and spiral antennas at 402—
405 MHz, have also evaluated microstrip patch antennas for implantable biomedical
applications. However, all of these planar antennas are limited by their larger volume

and not appropriate for practical ICP monitoring devices.

On the other hand, for non-planar radiating structures, further size
miniaturization reported in the literature [56, 57, 59] by using vertically stacked

radiating patches and multilayer structures to increase the path length of the current
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flow. Stacked PIFA radiators having very compact volume of 32.7 mm? were also
reported in [160], however the radiation efficiency is low. Nikita et al. [36] proposed
a miniaturized stacked antenna with a radios of 4 mm operating over the MICS band.
The two vertically stacked circular meandered patches are printed separately on an
alumina substrate with 0.25 mm thickness. The proposed antenna achieves a
significant reduction in size compared to previous work reported in the literature,
however, the radiation efficiency is only 0.8% which is still low. Hence, there is a

need for compact sized implantable antennas with improved radiation efficiency.

On the other hand, different standard telemetry bands such as MICS (433 MHz),
WMTS (1400 MHz) and ISM (2450 MHz) are allocated to communicate with the head
implanted devices. However, the above cited antennas are not proper for re-tunning
the resonant frequency to cover other standard telemetry bands rather than the
principle ones. Employing a tunnable and simple antenna geometry, which can
resonate over standard telemetry bands, reduces the system cost and antenna design
complexity significantly.

Scalp implantable loop and short dipole antennas, operating at 402 MHz, 915
MHz, 1575 MHz and 2450 MHz, reported in [94]. However, only the radiation
patterns and gains of the proposed antennas compared while neither effective antennas
size nor physical size of the antennas are scaled to each band of frequency. Circular
miniaturized scalp implantable PIFA type antennas for integration with head
implanted medical devices covering MICS (402 — 405 MHz) and ISM (433.1 — 434.8,
868 — 868.6 and 902.8 — 928 MHz) bands are presented in [47]. To verify the
simulation results an antenna prototype, operating at MICS band, is fabricated and

tested, however, other frequency bands are missed for verification and no
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measurement results provided. Moreover, the proposed structure can not be modify to

cover higher standard frequency bands.

In this chapter, I propose a class of miniaturized PIFAs, suitable for scalp
implantable devices, with a simple geometry capable to resonate at different
frequencies when tuned. I present a compact Single Slot PIFA with enhanced radiation
efficiency which is capable of operating over several standard telemetry bands such
as MICS band at 400 MHz, Zigbee at 868 MHz, WMTS band at 1430 MHz or ISM
band at 2450 MHz. The proposed SS-PIFA when embedded inside the computational
human tissue phantom, achieved a radiation efficiency of 1.9% at 2450 MHz which is
higher than previously reported works in the literature [33, 48, 93, 97, 159, 160]. The
antenna structure involves full ground plane on the back of the antenna which
minimized the back lobe radiation to protect the brain from electromagnetic wave
radiation. Here, the proposed radiator resonating at 2.4 GHz has a compact size of 5 x
7 x 1.6 mm?® occupying a volume of 0.056 cm® which significantly smaller than those
reported in the literature [33, 48, 93, 97, 159, 160]. I have also tuned the proposed
radiator geometry to operate over four different standard health care telemetry bands.
Following a similar procedure, I carefully reduced their geometry size to guarantee a
high level of performance including the improved radiation efficiency and impedance

bandwidth.

The dielectric properties of human tissue may vary due to the diversity in body
shape, gender, age, race, etc which results in shifting the radiator center frequency. In
this circumstance, featuring a higher bandwidth is advantageous as it ensures the
antenna performance when small or large shifts occur in resonant frequency. Also,
transmitting data with a higher rate needs a wider bandwidth. Therefore, I have also

used the printed folded coplanar loop antennas concept demonstrated in chapter two
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and present a compact folded oval loop antenna operating from 400 MHz up to 1000
MHz. The proposed wideband antenna is small enough to be integrated with head
implant devices for application such as brain wave sensing for the paralyzed, stroke
rehabilitation, brain edema evolution monitoring, pressure monitoring, RFIDs and
position tracking. For the proposed wideband head implantable antenna, enhanced
bandwidth of 200% achieved by employing two tunning strips connected to the folded
oval loop. Here, new resonances are excited besides the main resonance to escalate

the bandwidth.

Additionally, the proposed SS-PIFA is capable of resonating at multiple
standard telemetry bands which makes it possible to implant it in different part of the
human body such as arm, leg, scalp or under the chest. Using multiple band antennas
may reduce the physical size of the multi-function systems since the system may not
require more than one antenna. In the literature, dual band two layers slot antenna
[161], dual band microstrip patch antenna [31, 127] and compact dual band
implantable antennas [51, 162] operating at MICS and ISM bands have been proposed
for implantable medical devices. Employing dual band antenna enable the system to
shift between two modes i.e., wakeup and sleep to save more energy and extend the
overall lifespan of the device. Serpentine patch antenna and PIFA with an open-end
slot on the ground plane are proposed in [163] and [164] respectively. The proposed
dual band antennas, resonating at 400 MHz and 2450 MHz, has a compact size 8.75
mm x 7.2 mm x 0.5 mm and 19.8 mm % 19.4 mm % 0.635 mm respectively. However,

no comparison with other frequency bands was reported in these papers.

Differentially fed dual-band implantable antennas are also proposed in [165-
167]. These differential antennas can be simply integrated with differential circuitries

and eliminate the loss caused by the matching circuits and baluns. The proposed
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antenna in [166] resonates at two center frequencies of 433.9 MHz and 542.4 MHz
and can be employed for fully implantable neuro micro-systems. The antenna
dimensions are 27 mm X 14 mm % 1.27 mm and occupies 480.06 mm? which is quite
large for scalp implantation. Moreover, the antenna covers only one standard telemetry

band.

A triple band stacked spiral antenna presented in [34] covering ISM band at 2.45
GHz and MICS band at 402 MHz and 433 MHz. The prototype of the n-shape stacked

antenna with the volume of 254 mm?

is fabricated using Roger 3210 substrate.
However, the measurement results do not agree fully with simulations. Most recently,
an implantable triple band antenna was proposed in [168, 169] , resonating at 402
MHz, 1450 MHz and 2450 MHz. The antenna has an overall size of 20.5 mm x 31
mm X 0.05 mm occupying a large area, and printed on polyamide flexible substrate.
However, it can be wrapped around the electronics but redesigning may be needed
to compensate the wrapping effect. To cover Mics band (401-406 MHz and 433-434
MHz), WMTS band (1427-1432 MHz) and ISM band (2400-2485 MHz) S-shaped
quad-band PIFA is proposed in [170] for implantable biotelemetry. The antenna is
composed of three substrates and a superstrate, layer linvolves S-shaped radiator,
layer 2 and layer 3 consist of two twin radiators of spiral structures. The proposed
PIFA occupies a compact volume of 10 x 10 x 2.45 mm?’, however, its radiation

efficiency is low (1.1% at ISM band, 0.9% at WMTS band and 1.2% at MICS band)

since stacked structure also adopted to reduce the antenna size.

In this chapter, an implantable triple band SS-PIFA antenna is also presented for
biomedical applications. The miniaturised antenna, operating over in 433MHz MICS
band, 1430MHz WMTS band and 2450 MHz ISM band, is compact in size and

occupies a volume of 0.9 cm’. The antenna characteristics are verified using
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experimental phantom; and the measured results agree reasonably well with the

calculated results using anatomically realistic numerical human tissue phantoms.

This chapter is organized as follows: In Section 5.3, I described the
configuration of the proposed SS-PIFA, together with parametric studies and
calculation of antenna performance. Also, the working principles of miniaturization
and wide bandwidth property are analysed in this section. Section 5.4 presents SS-
PIFA measurements followed by Specific absorption ratio (SAR) in section 5.5.
Folded oval loop antenna and its performance for scalp implants are given in Section
5.6 whereas in section 5.7 the triple band configuration for the proposed SS-PIFA

including experimental results are presented followed by the discussion in Section 5.8.

5.3 Single Slot PIFA Design and Performance

The proposed geometry is a modified PIFA type antenna, providing a lower
radiated near fields and a lower SAR when implanted inside the body. The presented
antenna structure has a compact size, light weight, good radiation efficiency and
reasonable bandwidth to accommodate changes in tissue properties. Moreover, it can
easily be tuned to cover the desire frequency bands of interest, such as MICS, Zigbee
WMTS and ISM bands by increasing its size by a fixed adjustment factor that is related
to the wavelength of operation and optimizing the sizes of the slot and the ground
plane.

The radiator is mainly designed for head implantable devices such as ICP
monitoring systems, but can also be used under the skin, inside the chest, or muscle
without significant changes in the radiator structure. Compare to the Dual Slot PIFAs

introduced in chapter 1, the SS-PIFA has a smaller size but lower radiation efficiency
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and impedance bandwidth. The advantage of the proposed implantable Single Slot
PIFA is being printable on different substrates based on the system requirements and
its structure size can be miniaturized easily as required, for head implants. In next
section I introduce Single Slot geometry, design a SS-PIFA operating at ISM band,
2450 MHz, and demonstrate the miniaturization procedure for patient comfort and

system requirement.

5.3.1 Design Procedure

The proposed antenna structure consists of a patch radiator, a dielectric
substrate, a dielectric superstrate, a ground plane, a shorting pin and a feeding point.
The top view of the antenna structure with the main possible slot arrangement is shown
in Figure 5-1. The antenna design procedure was carried out in three steps. First, a
rectangular patch antenna was designed to operate over desired telemetry band when
implanted in a homogeneous tissue mimicking numerical phantom. Second, a single
slot added on radiator geometry and then following a generalized procedure, shown in
Figure 5-2, a model of SS-PIFA with a shorting pin was tuned to operate over the
desired frequency band when implanted in a multi-layered tissue mimicking numerical
phantom. At this stage, both shorting pin and feeding point must be placed on the right
edge of the top patch to achieve the desired resonance characteristics. Later, a single
layer dielectric thin superstrate was added to the implanted antenna model and the
geometrical parameters were varied to obtain resonance at the operating frequency
band using the generalized procedure. The model of the antenna with the thin
superstrate was then implanted inside an anatomically realistic complex human body

model for a precise simulation as shown in Figure 5-3a.
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Figure 5-1: Top view of SS-PIFA geometry.

Figure 5-2: The initial antenna design flowchart.

Figure 5-3a also illustrates the presented SS-PIFA structure for which the
dimensions of the rectangular-shaped patch as well the radiating slot are the key
parameters for antenna operation. Based on simulation results when the slot is located
at bottom edge and both the feeding point and the shorting pin are place on the right
edge of the top patch the radiator shows a remarkable improvement in performance

for implantable applications.
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Figure 5-3: Simulation set up in numerical mimicking phantoms, a) 3D complex human head model,
b) Side view of layered block and cylindrical phantoms.

In addition, the relative location of the shorting pin with respect to the position
of the coaxial feed can play a major role in obtaining good matching within the chosen
band. The main resonant frequency may be determined by the patch width W as well
as the current distribution around the slot which is affected by the shorting pin position.
The antenna can be tuned to cover other frequency bands of interest by changing the
size of the patch and the slot. Readjustment of the feeding point and the slot location

as well as slot position may be needed.
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For optimum performance, my empirical studies shown that the feeding
position, Yr, must be positioned on the right edge of the patch with an approximate
distance of 0.16 W from the bottom edge as shown in Figure 5-4. In addition, my
numerical investigations indicated that to improve the radiation efficiency of the
implanted antenna, W/L must be greater than 1.1 but smaller than 2.2. The calculated
radiation efficiency when W = 1.57 L and the antenna resonating at 2450 MHz while
immersed embedded the tissue mimicking phantom is 1.9% which is reasonably good
for scalp implants. The full ground plane, slightly larger than the top patch, and the
balloon shaped broadside radiation pattern of the SS-PIFA minimize the radiated

power passing through the human head.

Figure 5-4. Single Slot PIFA structure.
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5.3.2 Calculation Environment

To mimic the antenna implant inside the human head the proposed SS-PIFA was
immersed inside an inhomogeneous multi layered complex human body phantom
using HFSS [132] as shown in Figure 5-3a. The model is an adult male patient standing
on its feet along z axis. It consists of over 300 body parts to represent bones, muscles,
veins and organs, some of them are highlighted for a better understanding. It has an
accuracy in the order of millimetre and a frequency dependent material properties
database is included. This model can provide accurate results, without being memory

and computational time intensive.

To carry out empirical optimization, it is required to obtain the results rather
quickly. Hence, smaller human tissue mimicking phantoms viz. spherical and
cylindrical multi-layered model or layered block model were also employed. Each
model consists of three different tissue layers representing skin, cortical bone (skull)
and brain grey matter. The dielectric properties for these tissue layers when antenna
resonating at 2450 MHz are illustrated in Figure 5-3b. Based on my calculations, the
dimensions provided for the layered models, shown in Figure 5-5b, are appropriate for
higher frequency analysis such as 2450 MHz. Also, the thickness provided for each
layer is appropriate for all the frequency bands of interest. For the lower frequency
bands such as 400 MHz the effective wave length has to be considered and the
dimensions have to be increased carefully. The dielectric properties of the different

layers for the human body head are tabulated in Table 5-1.

The proposed antenna was embedded under the skin above the brain grey matter
and its performance calculated using FEKO™ [133]. The x-y plane cut of the

calculation set up, showing the proposed antenna positioning inside the multi-layer
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spherical mimicking phantom, is illustrated in Figure 5-3b. This setup is similar when
using layered block and cylindrical numerical phantoms. The thickness of the air gap
layer and interstitial fluid are ideally assumed zero at this stage of the design. The
spherical model has been employed to mimic the SS-PIFA implantation inside the
human head. The cylindrically shaped multi-layered phantom can be used to simulate
antenna embedding inside the arm whereas the layered rectangular block phantom was
used to mimic implantation under the chest skin. Later to verify the antenna
performance inside the human body in different locations such as head and small

intestine, the complex human body has been employed.
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Figure 5-5: Simulation set up in numerical mimicking phantoms, a) 3D complex human head model,
b) Side view of Multi-Layered Block, Multi-Layered Spherical and cylindrical phantoms.
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Following the generalized procedure, shown in Figure 5-2, I could successfully
tune the geometrical parameters of SS-PIFA to make the antenna operating over a
variety of frequency bands such as MICS band at 400 MHz, Zigbee at 868 MHz and
WMTS band at 1430 MHz. The antennas’ size and properties are tabulated in Table
5-2. The initial designs performed well inside the human tissue numerical phantom.
Later parametric analysis was carried out in order to quantify the effects of the

different antenna geometric parameters and to empirically optimize its design.

HUMAN HEAD TISSUE DIELECTRIC PROPEVII;?I?;;?T(S); DIFFERENT MEDICAL FREQUENCY BANDS

MICS Band ZigBee WMTS Band ISM Band

Tissue 400 MHz 868 MHz 1430 MHz 2450 MHz

& o & o & o & o
Skin (Scalp) 46.74 | 0.689 | 41.58 | 0.856 | 44.51 1.066 | 42.85 | 1.591
Dura 46.65 | 0.827 | 44.51 | 0.951 | 43.40 1.162 | 42.03 | 1.668
Brain Grey Matter 5739 | 0.738 | 52.88 | 0.929 | 50.86 1.199 | 4891 1.807
Cortical Bone (Skull) 13.10 | 0.090 | 12.48 |0.139 | 12.01 | 0.2186 | 11.38 | 0.394
Brain White Matter 42.05 0.445 | 3899 | 0.581 | 37.57 | 0.776 | 36.16 | 1.215
Cerebrospinal Fluid 7097 | 2252 | 68.71 | 2.399 | 67.71 2.691 | 66.24 | 3.457
Spinal Cord 3539 | 0.447 | 32.63 | 0.565 | 31.35 | 0.7288 | 30.14 | 1.088
Lens 48.14 | 0.669 | 46.63 | 0.784 | 45.76 | 0.9896 | 44.62 | 1.504
Vitreous Humor 69.00 1.529 | 68.91 | 1.627 | 68.72 1.847 | 68.20 | 2.478
Muscle 57.11 0.797 | 55.11 | 0.932 | 54.03 1.164 | 52.72 | 1.738
Fat 5.58 0.04 549 10.052| 5.39 0.065 5.28 0.10
Eye sclera 57.66 1.005 | 5536 | 1.155 | 54.12 1.409 | 52.62 | 2.033
Cartilage 45.45 0.587 | 42.77 | 0.768 | 41.05 1.068 | 38.77 | 1.755

TABLE 5-2

SS-PIFAS S1ZE AND CHARACTERISTIC OVER DIFFERENT MEDICAL FREQUENCY BANDS

Fre;]/i }l[?and Resonant Freq. Band width Radiation efficiency Patch Size Antenna \golume
z MHz MHz mm? mm

2400 2450 175 1.9% 17 x 10 682

1430 1430 108 1.8 % 21 x12 760

868 868 40 1.8% 23 x 12.6 875

400 400 1.9% 25x14 985
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5.3.3 Parametric Study

To minimize the antenna size, | have conducted detailed parametric study and
investigated the effects of each geometrical parameter of the SS-PIFA on the resonant
frequency. The generalized procedure, illustrated in Figure 5-6, has been used to
reduce the size of the proposed antenna. This procedure has also been applied to all of
the designed SS-PIFAs operating over MICS, ZigBee and WMTS bands and reduced
the antenna physical size significantly. Here, the effects of the feed and shorting pin
positions, width and length of the slot while fixing other antenna parameters were also
investigated. I have also employed two types of substrates such as Fr4 and Rogers

3210 to investigate the effect of dielectric materials for SS-PIFA structure.

To maintain the optimum performance for the presented antenna, throughout the
miniaturization process, I observed not only the radiator resonant frequency but also
other antenna performance indicators such as fractional bandwidth and radiation
efficiency. This is necessary to make sure that implantable antenna design
requirements are fulfilled at each and every step. I have also calculated the surface
current flow to observe how the currents are changing when the antenna size is

reduced.

My studies revealed that by increasing the slot lengths and moving its position
gradually towards the right edge of the antenna while at the same time placing the feed
and shorting pin at appropriate locations on the right edge, as shown in Figure 5-4, one
could sucsessfully reduce the antenna size without affecting the resonance within 2.4
GHz ISM band. The intial size obtained for the SS-PIFA resonating at 2450 MHz is
Lg =234 mm, Wg=182mm, L =17 mm, W= 10 mm and 4 = 1.6 mm. Increasing

the slot length resulted in increasing the current flow path. I identified that the antenna
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can be miniaturize by increasing the length of the current flow path while maintaining
the resonant frequency to fall within the ISM band. So that, a significant size reduction
in physical size of the antenna achieved compare to its initial size. For the PIFA type
antennas, the ground plane size has a significant effect on radiation bandwidth [134].
Based on my experience with DS-PIFA, I have considered different size of ground
plane for SS-PIFA to identify the best ground plane which maximize the fractional
bandwidth. I have concluded that by choosing the size of the ground plane slightly
bigger than the patch, i.e. 0.5 mm for the width Wg and length Lg of the ground plane,

the maximum bandwidth can be obtain.

Figure 5-6: The SS-PIFAs size reduction flowchart.
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Furthermore, I found that by increasing or reducing the slot widths, one could
tune the resonant frequency as shown in Figure 5-8 without changing the antenna
structure or size. This feature demonstrates the flexibility of the proposed antenna

geometry useful for practical implementation.
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Figure 5-7: Single slot PIFA: The effects of reducing the slot width.

The finalized dimensions of the proposed SS-PIFA, operating over ISM band,
are Lg=5mm, Wg=7mm, L =4 mm, W=5mm and 4 = 1.6 mm. Here, 92% physical
size miniaturization gained for the presented antenna compared to its original size. The
size comparison with similar types of antennas reported in the literature is provided in
Table 5-3. I have also performed further parametric study, followed the generalized
procedure, to make sure that I have proposed the smallest size possible for SS-PIFAs
that cover ZigBee, MICS and WMTS bands having a reasonable fractional bandwidth
and radiation efficiency using FR4. The antennas’ size and properties are tabulated in

Table 5-4. Referring to the Tables 5-2 and 5-4, one can see 89% antenna size reduction
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for WMTS, 86% antenna size reduction for ZigBee and 60% antenna size reduction
for MICS band achieved, compare to the initial size for the proposed SS-PIFAs, by

reducing the lengths of the slots and placing the feed and the pin at proper locations.

To investigate the effect of substrate dielectric material on DS-PIFAs
performance I also employed Rogers 3210. This substrate has a lower conductivity for
higher frequencies compared to FR4. However, I purposefully chose a higher
permittivity to reduce the antenna size further. This substrate has a thickness of 0.64
mm and & of 10. I could successfully redesign SS-PIFAs, using the design procedure
shown in Figure 5-2, for my frequency bands of interest employing Rogers 3210. To
miniaturize SS-PIFAs, I used a similar approach as described above and applied the
similar method shown in Figure 5-6. This generalized procedure, helps to tune and
reduced the size of my proposed structure to operate over different bands when
implanted in a multi-layered tissue mimicking numerical phantom. The antennas’ size
and properties are tabulated in Table 5-4. Further size reduction of 76% for antenna
covering ISM band, 72% for antenna covering WMTS band, 69% for antenna covering
ZigBee and 66% for antenna covering MICS band achieved by employing dielectric

materials with higher permittivity.

TABLE 5-3
S1ZE COMPARISON OF PROPOSED SINGLE SLOT PIFA
e Pl g e
[5] 400 Loop antenna 0.84% 14 x 14
[8] 2400 Annular antenna 1.1% 20 x 22
[9] 2400 Patch antenna 0.85% 6x6
[10] 400 Microstrip antenna 1.2% 19.6 x 20.6
This work 2400 Single Slot PIFA 1.8% 7x5
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TABLE 5-4
MINIATURIZED SS-PIFAS S1ZE AND CHARACTERISTIC OVER DIFFERENT MEDICAL FREQUENCY BANDS
Freq. Band Resonant  Dielectric Band width  Radiation Antenna Vol mm?
q- Freq. MHz material MHz efficiency  dimensions mm? ’
ISM 2450 Fr4 240 1.8 5x7x1.6 56
ISM 2450 R.3210 160 1.65% 4 x6x0.64 154
WMTS 1430 Fr4 125 1.7 % 6x8x1.6 76.8
WMTS 1430 R.3210 105 1.55% 5x7x0.64 224
ZigBee 868 Fr4 60 1.7% 7x11x%x1.6 123.2
Zigbee 868 R.3210 45 1.5% 6 % 9.5 x 0.64 36.5
MICS 400 Fr4 25 1.8% 12x20x 1.6 384
MICS 400 R.3210 20 1.6% 10 x 18 x 0.64 115.2
0
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Figure 5-8: Reflection coefficient of Single slot PIFA covering ISM band when immersed inside the
multilayer spherical numerical phantom and the complex human body head phantom.

5.3.4 Antenna Performance

The proposed SS-PIFA performed well when implanted inside the head and

could cover the ISM band fully with a good impedance bandwidth margin. Error!

Reference source not found.Figure 5-8 shows the reflection coefficient results of the

miniaturized SS-PIFA resonating at 2450 MHz when immersed inside the multilayer

spherical numerical phantom and the inhomogeneous multi layered complex human
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body phantom using HFSS. The radiator patch is printed on FR4 substrate and,
provides an impedance band width of 170 MHz which is sufficient to satisfy the

required bandwidth for a variety of the implantable systems.

I have also considered a trade-off based on the antenna miniaturization and
efficiency to have the maximum radiated power. Compared to the loss resistance over
the antenna structure, I could successfully maintain the radiation resistance dominance
by adjusting the antenna size and the feeding position to keep the surface current flow
uniform over the radiator. The radiation efficiency of the 2450 MHz miniaturized SS-
PIFA, including superstrate, is 1.9% when immersed inside the spherical multi-layer
numerical head phantom using FEKO. As expected, the calculated efficiency is low
due to the presence of lossy tissues. However, the calculated efficiency is higher than
the reported results for similar class of antennas in the literature [33, 48, 93, 97, 159,
160]. T have calculated the losses per media of the numerical phantom and then
estimated the antenna radiation efficiency, excluding surrounding lossy environment,
which is 61.25% including superstrate. This helps to develop a better understanding
of antenna performance alone. I have also investigated the effect of the slot width
variation on efficiency and losses for the 2450 MHz miniaturized SS-PIFA and, the

results are tabulated in Table 5-5.

TABLE 5-5
LOSSES IN SS-PIFA AND NUMERICAL PHANTOM AT 2.45 GHZ (IN WATT).

Slot width IMM 0.8MM 0.6MM 0.4MM 0.2MM
Radiated power 0.00010 0.00011 0.00009  0.00008  0.00006
Input power 0.0055 0.0055 0.0055 0.0055 0.0055
Human tissue losses 0.00326 0.00326 0.00326 0.00326 0.00326
Antenna efficiency 61% 61.25% 60.85% 60.7% 60.35%

Total efficiency 1.65% 1.9% 1.8% 1.7% 1.55%

Antenna efficiency = (Radiated power + Human tissue losses) / Input power
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5.4 SS-PIFA Measurements

The antenna prototype is then fabricated using Fr4 substrate and etching
technique. The antenna prototype operating over MICS band, 400 MHz, ZigBee band,
868 MHz and ISM band, 2450 MHz, are depicted in Figure 5-9. However, the top
patch geometry has a very thin conductive arm as shown in Figure 5-4. Since the
etching technique is a simple low cost technique with low level of accuracy it is not a
suitable method for printing very thin conductor tracks. For the first attampt, using
etching method, I could not to validate the calculation results so that I have employed
the PCB machinary and printed the propose SS-PIFAs with high level of accuracy.
For the secound attempt, I could successfully verify the calculated results as

demonstrated below.

The Measurement set up and the miniaturized SS-PIFA prototypes printed on
Fr4 for MICS 400 MHz, ZigBee 868 MHz, WMTS 1430 MHz and ISM 2450 MHz
are shown in Figure 5-9 and Figure 5-10 respectively. In order to verify the
performance of the implanted antenna when placed inside human body, I have
developed a phantom that is prepared with minced beef (80 % meat and 20% fat). The
conductivity and dielectric constants of the experimental phantom were measured by
using dielectric probe kit and Agilent E5S071C network analyser from 100 MHz to 3
GHz when the experimental phantom was placed in a plastic container of size 140 x
140 x 50 mm®. A good agreement with the desired dielectric properties [135] was
observed, comparison of relative permittivity and conductivity of the experimental
phantom, skin, and coritical bone (skull) are shown in Figure 5-11. It can be found
that the permittivity of minced beef phantom is closer to the human skin which is

useful as the antenna placment is close to the scalp.
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Jmics

Figure 5-9: Measurement set up and Single Slot PIFAs prototype, using etching technique, on FR4
substrate for different frequency bands.

The SS-PIFA, operating over Industrial, Scientific, and Medical (ISM) band at
2450 MHz, has a measured bandwidth of 190 MHz (7.8%) which is significantly
valuable when considering slight changes in dielectric properties of human tissue due
to the dissimilar body shapes, genders, ages and etc. These changes in dielectric
properties may shift the resonant frequency. Hence, the proposed antenna bandwidth

could guarantee ISM band coverage for a variety of patients’ tissue.
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MICS Band

Figure 5-10: Single Slot PIFAs prototype on FR4 substrate for different frequency bands of interest.

The measured result on reflection coefficient when the antenna (including
superstrate) was immersed in experimental phantom shows a good agreement with
calculated result using complex human body as shown in Figure 5-12. Slight
discrepancies are noticed which are within the uncertainty range imposed by the
fabrication inaccuracies such as soldering and dependency of Fr4 permittivity on
operating frequency.

I have also used the experimental phantom to verify the performance of the
proposed implantable SS-PIFAs for Medical Implant Communication Service (MICS)
400 MHz and Wireless Medical Telemetry Service (WMTS) band at 1430 MHz. The
antenna prototypes are covered with the superstrate layer with the same dielectric

materials as substrate, Fr4.
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Figure 5-11: comparison of relative permittivity and conductivity of the beef phantom with published
data in skin and muscle.

The results on reflection coefficient for each of the antenna prototypes,
resonating at different standard telemetry bands, is also shown in Figure 5-12. The
comparison is attained using computational inhomogeneous multi-layer complex
human head mimicking phantom versus measured inside the experimental phantom.
From this figure, one can see the calculated results on reflection coefficient show a
good agreement with measured results when the antennas including superstrate

immersed, one by one, in the experimental phantom.

5.5 Specific Absorption Ratio (SAR)

To measure the SAR for the proposed miniaturized SS-PIFA resonating at 2450
MHz I have employed the similar method I used in previous chapters. This method is
a simple measurement technique for measuring the temperature rise in an equivalent
human tissue experimental phantom caused by electromagnetic energy absorption

radiated by implanted antenna.
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Figure 5-12: Reflection coefficient of Single slot PIFA: a) Calculated using Complex human body

model, block Layered and cylindrical Layered phantoms, b) Measured vs. Calculated using Complex
human body model.

I have used optical fiber thermal sensors to minimize the metal wire thermal
sensors disturbing the electromagnetic field in the phantom. Moreover, the SAR can
be stably evaluated over a wide range of frequency bands as the optical thermal sensors
are frequency independent. The relationship between the temperature rise and the SAR

in an equivalent human tissue phantom is given by [136, 137]:

T
p.c%—t = KV*T + p.SAR .1)

Here, T is the temperature in the phantom (in kelvins), K is the thermal
conductivity of the phantom (in watts per meter kelvin) and t is the elapsed time (in
seconds), C is the specific heat of the phantom (in joules per kilogram kelvin) which
is 3400 (J/kg.k) and p is the density of the phantom (in kilograms per cubic meter)

which is 1060 (kg/m®).
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Figure 5-13: a) SAR measurement diagram using optical fibre thermal sensors. b) SAR measurement
setup for Single slot PIFA on FR4 substrate.

The equation (1) could be simplified when the thermal diffusion is low. In
addition to evaluating 1-gram average SAR multiple points are needed to measure the
temperature rise in the experimental phantom [136]. Figure 5-13a shows optical
thermal sensors arranged in a 3-D cubic lattice network completly covering the 1-gram
mass to measure AT in the experimental cubic phantom. If the density of the
mimicking phantom material is close to 1000 kg/m>, then the side lengths of a 1-g
mass cube are approximately 10 mm [136]. Consequently, optical fibre thermal
sensors are arranged in a 3-D network by choosing 18 temperature measurement points
to evaluate 1-g SAR. The sensors are located at 0.5mm and 1.5mm under the skin with

Smm intervals over the X-Y plane parallel to radiator surface.
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Figure 5-14: Measured 1g-SAR: Miniaturized Single Slot PIFA at 2450 MHz.

The SAR measurement setup for SS-PIFA using optical fibre thermal sensors is
shown in Figure 5-13b. I have employed Luxtron FOT Lab Kit and STM and STB
optical thermal sensors (from Luxtron, Ltd) to measure temperature rise in the
experimental phantom due to radiation. These optical fibres are made from polymer,
and their measurement uncertainty is +0.05C at room temperature. The input power
was set to 10 dBm (10mw) at 2450 MHz and the equivalent phantom was exposed to
microwaves up to 30 minutes while the thermal sensors measured the resulting
temperature rise in the human tissue mimicking phantom. Figure 5-14 shows the 1-g
SAR values using indirect SAR measurement. The calculated 1-g SAR for the input
power level of 10 dBm would be 5.8 w/kg while the measured result indicates 5.4
w/kg for 1-g SAR with the same input power. Figure 5-14 reveals that 1-g SAR is
above the limitation [138] so that the input power must be set to less than 3 dBm (2

mw) to satisfy 1-g SAR regulation.

Additionally, the 1g-SAR calculations have been carried out for three different
miniaturized SS-PIFAs covering three different standard biomedical frequency bands
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such as MICS band, Zigbee and WMTS band as tabulated in Table 5-6. To verify the

calculated SAR results, SAR measurements have also been conducted for the

presented miniaturized SS-PIFAs. The input power was set to 10 dBm (10 mw) at

MICS, Zigbee, WMTS and ISM bands. The equivalent phantom was exposed to

microwaves up to 30 minutes while the thermal sensors measured the resulting

temperature rise in the mimicking phantom. The measured temperatures and

simplified form of equation (1) are used in a Matlab code to estimate the SAR. The

SAR values are calculated in five minutes step to monitor the SAR variations. The

results on 1-g SAR for all the four miniaturized SS-PIFAs are tabulated in Table 5-6.

TABLE 5-6
MEASURED SAR OVER STANDARD BANDS FOR HEALTH CARE TELEMETRY SYSTEMS
Bands MICS Zigbee WMTS ISM
Timings
After 10
4.9w/k
1 minutes 3.7w/kg 4w/kg 4.4w/kg wikg
After 15
5.1w/k
2 minutes 3.8w/kg 4.1w/kg 4.5w/kg wikg
After 20
5.3w/k
3 minutes 4w/kg 4.2w/kg 4.6w/kg wikg
After 25
5.4w/k
4 minutes 4.1w/kg 4.3w/kg 4.8w/kg w/kg
After 30
5.4w/k
5 minutes 4.1w/kg 4.4w/kg 49w/kg wikg
Total 4.1wikg 4.4w/kg 4.9w/kg 5.4wikg
Calculated 4.5w/kg 4.8w/kg 5.4w/kg 5.8w/kg
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5.6 Folded Oval loop

The compact folded oval loop antenna covering MICS band up to 1 GHz
proposed to satisfy the wideband antenna requirements for head implant devices.
Wideband performance is desirable to assure the ongoing and steady operation of the
system, which may be affected by variation of the electromagnetic properties of the
surrounding environments that influences the tuning of narrowband antennas. This

feature also can facilitate a higher data transfer rate [54, 62, 171, 172].

The magnetic fields of the loop antennas are strong in the near field [154] and
ultimately support the antenna radiation. Therefore, they tend to be much more robust
in terms of performance when they are placed in close proximity of or inside the
human body. As a result, they can provide a lower SAR and higher radiation efficiency
for head implants. Figure 5-15 shows the top view of the proposed antenna geometry
when it is not folded. The resonator structure consists of a copper loop oval strip, size
reduced oval ground plane and a pair of tuning strip oval lines. The antenna design
concept is similar to the transmitter antenna design concept presented in chapter 2.
Here, the oval shape is preferred to avoid vertexes (sharp edges) that may cause tissue
injuries.

For loop antennas, several turns may be required to obtain the desired resonance
at lower frequencies. On the other hand, increasing the number of turns in loop antenna
increases the inductance and the loss resistance resulting in reduced efficiency. To
overcome this issue, [ have employed a pair of tuning strip lines to increase the electric
current path length for lower resonant frequency and also support the folded loop. This
technique is different from meandering technique which may lead to current

cancelation in close branches results in poor resonant performance. Inserting tuning
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strip lines also excites the second resonance, close enough to the first one for

supporting a wider bandwidth performance. This escalates the bandwidth up to 200%.

<€ >

Figure 5-15. Wide band oval loop antenna geometry: Unfolded loop.

The presented radiator fulfils the head implant system requirements such as
compact size, low profile and cost effective. The occupied area of the proposed loop
antenna measures 22 mm X 12 mm which is a small size. To reduce the size of the
antenna further, I have folded the loop as shown in Figure 5-16. To minimize the
folding effects on the antenna performance, the tuning lines position has been adjusted.
The presented folded oval loop now has a small volume of 324 mm?®, 20 mm x 6 mm
x 2.7 mm, operates over the MICS band and has wide band performance. The proposed
wideband folded oval loop antenna is small enough to be integrated with head implant
devices for application such as brain wave sensing for the paralyzed, stroke
rehabilitation, brain edema evolution monitoring, pressure monitoring, RFIDs and

position tracking.
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Figure 5-16. Wide band folded oval loop antenna geometry.

It is difficult to match the low impedance of the loop antennas to a 50-ohm
coaxial line transmitter [33] since loop antennas generally are highly inductive
component to their reactance and have low radiation resistance. Here, to solve this
issue, a pair of oval matching elements is placed near the feeding port to match the
impedance and broaden the impedance bandwidth of the radiator. Total length of the
oval loop strip from A to B is about 57.5 mm, close to the half of the wavelength of
the MICS band center frequency at 403 MHz inside the human body. The antenna is
fed by a 50 ohm semi rigid coaxial cable. The center conductor of the cable launches
the signal from the left-side strip terminal A at the feed point and the outer conductor
of the cable is affixed to the right-side strip end B which terminates to the ground
plane. The detailed parameters of the proposed Tx antenna are given in Table 5-7. The
size and performance comparisons with similar types of antennas reported in the

literature are tabulated in Table 5-8.

To mimic the antenna implantation into the scalp, the proposed loop antenna

was immersed inside the complex human body mimicking phantom using HFSS
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depicted in Figure 5-5. The Results on VSWR of Folded Oval Loop antenna is shown
in Figure 5-17, which reveals that the antenna covers the MICS band fully and shows
a wide band performance. The antenna has a VSWR of smaller than 2 from 360 MHz
up to 1000 MHz. The folded version has a radiation efficiency of 0.95% inside the

body which is 0.07% lower than the original version.
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Figure 5-17. Calculated reflection coefficient of compact folded oval loop antenna.

TABLE 5-7
DETAILED DIMENSION OF THE PROPOSED FOLDED OVAL LOOP ANTENNA
(UNIT: MILLIMETERS)

Parameter Value Parameter Value Parameter value

H 2.7 Twl 7 L1 1.9
L 6 Tw2 7 L2 1
4 20 Tl 1.7 L3 3.1
S1 2.5 TI2 1.7 CwW 0.33
S2 2.5 M 34
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The Surface current distribution for the proposed antenna at 403 MHz is shown
in Figure 5-18. The main current is limited in the closed loop pattern and feed port
area so that the current on the ground plane is small. This would be beneficial when
the device implanted inside human body-head, the human body proximity effect may
lead to the current variation and degrade the antenna performance. In this case the
resonating currents are spread out over the system ground plane resulting poor
radiation efficiency and shifting down the resonance frequencies. To avoid degrading
antenna performance, the presented Folded Oval loop antenna is a good candidate for

the head implant systems since the current induced on the ground plane is small.

Surface current [dBA/m]
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Figure 5-18. Surface current distribution for the folded co-planar loop antenna.

TABLE 5-8
S1ZE AND PERFORMANCE COMPARISON OF THE PROPOSED TX ANTENNA

Antenna Frq. Band Type Bandwidth  Vol. mm?
[39] 400 MHz Sigma-shaped monopole 68% 80
[38] 400 MHz Monopole antenna 67.8% 560
[40] 400 MHz Meandered dipole 37.8% 329
[41] 500 MHz Spiral antenna 21% 392.5
This work Modified 400 MHz Folded Oval Loop antenna 150% 324
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5.7 Multi Band Single Slot PIFA

Using multiple band antennas may reduce the physical size of the multi-function
systems since the system may not require more than one antenna. The presented Single
Slot PIFA is capable of resonating at multiple standard telemetry bands and possible
to implant it in different part of the human body such as scalp, arm, leg and chest. This
section presents the design of a triple band implantable miniaturised SS-PIFA for
Medical Implant Communication Service (MICS) band at 433MHz, Wireless Medical
Telemetry Service (WMTS) band at 1430 MHz and Industrial, Scientific, and Medical
(ISM) band at 2450 MHz. Employing triple band antenna enable the system to switch
between different modes i.e., wireless charging, wakeup and sleep to save more energy

and extend the overall lifespan of the device [49, 173].

The implanted antenna must fulfil miniaturization requirements and have a good
radiation performance when it is implanted inside the human body [30-32]. The
prototype of the m-shape stacked antenna with a volume of 254 mm? fabricated using
Roger 3210 substrate reported in [34] operates over triple frequency bands covering
ISM band at 2.45 GHz and MICS band at 402 MHz and 433 MHz. However, the
measurement results do not agree fully with simulations. The implantable S-shaped
quad-band PIFA is presented in [170] for to cover Mics, WMTS and ISM biotelemetry
bands. The PIFA occupies a compact volume of 10 x 10 x 2.45 mm?, however, its
radiation efficiency is low (1.1% at ISM band, 0.9% at WMTS band and 1.2% at MICS
band). The proposed triple band Single Slot PIFA has a good radiation efficiency over
the biotelemetry bands and occupies a volume less than 1cm®. The antenna structure
miniaturized using a shorting pin and tunning the length of the slot, the overall radiator

size 1s 50% smaller compared to the initial design. I will demonstrate the effectiveness
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of employing shorting pin which is placed between the patch and the ground plane so
that the antenna is compact in size and resonates over the three chosen bands. The
antenna characteristics are verified employing equivalent experimental phantom, the
measured results agree reasonably well with the calculated results on numerical

multilayered phantoms.

5.7.1 Design of Multi Band Single Slot PIFA

The proposed antenna structure consists of a patch radiator, a dielectric
substrate, a dielectric superstrate, a ground plane, a shorting pin and a feeding point.
The top views of the antenna structure and the 3D view of it including superstrate are
shown in Figure 5-19 and Figure 5-20 respectively. The antenna design procedure was
carried out in three steps. First, a rectangular patch antenna was designed to operate
over the second desired telemetry band, WMTS, when immersed in a homogeneous
tissue mimicking numerical phantom. Second, a single slot added on radiator
geometry and then a model of SS-PIFA with a shorting pin was tuned to operate over
desire bands when implanted in a multi-layered tissue mimicking numerical phantom.
At this stage, both shorting pin and feeding point must be placed on the right edge of
the top patch to achieve the desire resonances. Later, a single layer dielectric thin
superstrate was added to the implanted antenna model and the geometrical parameters
were varied to obtain three resonances at the operating frequency band. The model of
the antenna with the thin superstrate was then implanted inside a complex human body

model for a precise simulation as shown in Figure 5-3a.

Here, the dimensions of the rectangular-shaped patch as well the radiating slot

are the key parameters for antenna operation. Based on simulation results when the
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slot is located close to the bottom edge and both of the feeding point and shorting pin
are place on the right edge of the top patch the radiator shows an outstanding

performance for implantable applications.

By fixing the antenna size and adjusting the relative positions of the feed and
shorting pin, I can make the SS-PIFA resonate at all the three chosen frequency bands.
Thus, the proposed antenna can be tuned to either multiple bands or a single frequency
band. My investigations have revealed that, when the distance between shorting post
from the feeding point is >A/8, the resonance occurs in a single, but lower, frequency.
When the shorting post is positioned at a distance of < A/12 from the feeding point,
three different resonant frequencies appear as tabulated in Table 5-9. This feature of
the proposed antenna can be useful for applications where two or three different carrier
frequencies are employed for implantable communications. Further size reduction has
been obtained by employing a properly positioned shorting post so that the antenna
resonates at the frequencies of interest when immersed inside phantoms. The locations
of the shorting posts depend on the resonant modes and they can modify the impedance

of the antenna by introducing inductive effects on input impedance [174].

To determine the antenna’s input impedance match, I have obtained the
appropriate feeding position by performing numerical experiments using numerical
human tissue mimicking phantoms with FEKO™ [133]. The finally designed slot
PIFA has a volume of about 0.9 cm® when placed inside a numerical phantom and can
operate over 433 MHZ MICS band as well as covering 1430MHz WMTS and 2450
MHz ISM bands simultaneously. The overall size of the proposed antenna is 19 x 30

x 1.6 mm, which is quite appropriate for implantable wireless system.
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Figure 5-19. Top view of SS-PIFA geometry.
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Figure 5-20. Triple band Single Slot PIFA structure.

Slot PIFA

N Substrate 1.6mm

TABLE 5-9
PROPOSED MULTI BAND SINGLE SLOT PIFA FEATURES
Band 1. Band 2. Band 3.
Centre Frq. 433 MHz 1433 MHz 2450 MHz
Bandwidth 16 MHz 100 MHz 200 MHz
Efficiency calculated 1.6% 2.1% 2.6%
Gain calculated -10 dBm -11.5dBm -12 dBm
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5.7.2 Antenna Performance and Numerical Phantom

Calculations based on homogeneous and inhomogeneous phantoms are
employed to design the presented triple band antenna. For simulations, I have used
block and cylindrical shaped numerical human tissue mimicking phantoms which
employ multiple layers to model the human body effects. The layered rectangular
block numerical phantom mimics the implantation under human chest as shown in
Figure 5-5b in which the antenna is positioned 2 mm below the skin surface. It is
placed in the fat under the skin, parallel to the boundary. The x-y plane cut of the
calculation set up, showing the proposed antenna positioning inside the multi-layer
spherical mimicking phantom, is illustrated in Figure 5-3b. This setup is similar when
using layered block and cylindrical numerical phantoms. The thickness of the air gap
layer and interstitial fluid are ideally assumed zero at this stage of the design. For
calculations, I used the dielectric properties of skin, fat and muscle as tabulated in
Table 5-1 [175]. Moreover, cylindrical shaped multi layered numerical phantom was
used for mimicking the antenna implantation inside the human arm. In the cylindrical
phantom, the average thickness of each layer is chosen to be 34 mm for muscle, 4 mm
for fat and 2 mm for skin respectively. For the lower frequency bands such as 433
MHz the effective wave length is considered and the length of the phantoms is
increased to 250 mm. Here, the numerical phantoms are designed using frequency
dependent dielectric properties to represent human tissues closely at the required

frequency bands.

The initial designs performed well inside the human tissue numerical phantom.
Comparison of the results on reflection coefficient obtained in both cylindrical and
layered block phantoms, shows that the antenna can resonate over the desired

operating frequency bands and the agreement on resonant frequencies is close.
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Figure 5-21. Complex human body model.

Later, a model of the antenna with the thin superstrate was then implanted inside
a complex human body model for a precise simulation as shown in Figure 5-21. To
mimic the antenna implantation inside the human body, the proposed triple band SS-
PIFA was immersed inside an inhomogeneous multi layered complex human body
phantom using HFSS [132]. The model is an adult male patient standing on its feet
along z axis. It consists of over 300 body parts to represent bones, muscles, veins and
organs, some of them are highlighted for a better understanding. It has an accuracy at
the millimetre level and a frequency dependent material properties database is
included. This model can provide accurate results, however, it is not memory and
computational time intensive. Later, parametric analysis was carried out in order to
quantify the effects of the different antenna geometric parameters and to empirically

optimize its design.
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Figure 5-22 shows the calculated surface current distribution with FEKO on the
proposed slot PIFA. The plot in Figure 5-22a, shows that the path of current flow is in
the same direction in both the arms which may be primarily responsible for exciting
the fundamental resonant frequency that covers the MICS band. In Figure 5-22b, the
current paths are opposite in each arm however, the current in one arm is stronger than
the other exciting higher order mode, in this case, corresponds to the resonant

frequency at WMTS band.

(2) (b)*
Figure 5-22. Surface current distribution of the proposed antenna at (a) MICS band and (b) WMTS
band.

5.7.3 Experimental Results

The dielectric properties of any tissue mimicking experimental phantom must
be similar to the realistic human body for obtaining reliable measurements to verify

the performance of the implanted antenna. In the literature, pork leg [34] and skin gel
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[30] were proposed as tissue mimicking phantoms for multiband operation. However,
skin gel can only be used for one special single band and the relative permittivity and
conductivities of pork leg [34] is higher than the normal human tissue. Therefore, to
measure the performances of the antenna when implanted, I employed pork skin with
fat as the experimental phantom. The size of the phantom is 350 % 350 x 5 mm which
has provided reasonable measured results over all the three bands. The dielectric
properties of the pork skin phantom are measured from 0.1 to 3 GHz by using
dielectric assessment probe kit from SPEAG and Agilent E5071C network analyser.
A good agreement with the desired dielectric properties [135] was observed between
the experimental phantom and skin. It can be found that the permittivity of
experimental phantom is closer to the human skin which is useful as the antenna

placment is close to the skin layer.

Figure 5-23. Triple band Single Slot PIFA prototype and Measurement set up.
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The proposed multi band SS-PIFA fed by a coaxial probe is composed of a single
metallic layer and is printed on one side of a FR4 substrate. The substrate thickness is
1.6 mm, and its dielectric constant is 4.7 and loss tangent of 0.0038. A dielectric
superstrate having the same dielectric and thickness as that of the substrate is used to
cover the antenna. Figure 5-23 shows measurement setup and the prototype of triple

band Single Slot PIFA printed on FR4 substrate.

The simulated results on reflection coefficient for the proposed antenna when
immersed inside both complex and multi-layered numerical phantoms are compared
with the measured results when the antenna is immersed in the pork skin phantom and
are shown in Figure 5-24 and Figure 5-25 respectively. From Figure 5-25, one can
observe that the antenna has a reflection coefficient of -17dB at 433MHz and has an
impedance bandwidth of 16 MHz which is adequate for implanted biomedical
applications. In these figures, the measured data obtained using pork skin phantom
compares reasonably well with results obtained using complex numerical phantom.
The comparison of results shown in Figure 5-24 also demonstrates a good agreement
between measured data with simulations on three-layered numerical phantoms. The
shifts in center frequencies are attributable to fabrication tolerances, as well as due to

possible reflections within multiple layers of the numerical phantoms.
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Figure 5-24. Reflection coefficient: Measured in pork skin vs. Simulation in layered block and
cylindrical tissue phantoms.
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Figure 5-25. Reflection coefficient: Measured in pork skin vs. simulation using inhomogeneous tissue
phantom.
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5.8 Discussion

In this chapter, I have used a simple geometry to propose a class of miniaturized
SS-PIF As, suitable for scalp implantable devices, which can operate over a variety of
standard biomedical frequency bands such as MICS band, Zigbee, WMTS band and
ISM band. To miniaturize the antenna size, I have conducted detailed parametric study
and investigated the effects of each geometrical parameter of the SS-PIFA on the
resonant frequency. Further size reduction of 92% for antenna covering ISM band,
89% for antenna covering WMTS band, 86% for antenna covering ZigBee and 60%
for antenna covering MICS band achieved by reducing the lengths of the slots and

placing the feed and the pin at proper locations.

Proposed SS-PIFAs exhibits smaller size, good efficiency, standard SAR, and
reasonable bandwidth suitable for biomedical head implant applications. For instance,
the presented antenna resonating at 2450 MHz has 190 MHz measured bandwidth,
good radiation efficiency of 1.8%, a compact size of 5 x 7 mm? and occupies a volume
of 56 mm?. I have also employed bio heat equations and optical fibre thermal sensors
to establish an indirect method to carry out SAR measurement for implantable

antennas and verify related SAR calculation.

This chapter also present a triple band Single Slot PIFA of size 19 x 30 mm for
implantable biomedical applications. The antenna can cover three bands viz., ISM
band (2450 MHz), WMTS band (1427-1432 MHz) and MICS band (433434 MHz).
The proposed implantable antenna exhibits low reflection coefficient, wide band

impedance matching and has small size.
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CHAPTER - 06

6. NEAR FIELD FOCUSED BODY WORN
ARRAY FOR NON-INVASIVE
MICROWAVE HYPERTHEMIA

6.1 Introduction

Cancer is a leading cause of death in the western countries, preceded only
by cardiovascular diseases. Hyperthermia is a type of cancer treatment, in which the
tumor is exposed to elevated temperatures for an adequately long period.
Hyperthermia makes the tumor more sensitive to the traditional chemotherapy and
radiation therapies without any additional long term side effect. On the other hand, it
also helps to reduce the cancer treatment side effects by reducing cytostatic drugs and
radiation doses. Clinical studies have also shown doubled cure rates when combining

hyperthermia with traditional cancer treatment.

The objective of hyperthermia treatment is to raise the temperature in the tumors
to 42 - 44°C for one hour to kill cancerous cells or make them more sensitive to
ionizing radiation or chemotherapy. There are three heating techniques for
hyperthermia: electromagnetic heating (EM), thermal conduction and ultrasound. EM
heating is, due to its versatility, the most developed technique as well as the most
frequently used. The heat effect is developed in the target by the transmission of EM

energy, using array of antenna, which is adjusted in frequency, time and strength in
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order to work together to form a focus in the target. This places high demands on the
precision of the system, the near filed focused body worn arrays can provide such a

level of accuracy and concentrate the EM energy only on the target.

In this chapter, I present a planar antenna array for non-invasive microwave
hyperthermia applications. The proposed near field focused (NFF) array covers ISM
2.45 GHz and consists of 25 miniaturized double slot PIFAs. The array is immersed
inside a coupling bolus occupying a volume of 8.3 cm® (152 cm?® including bolus). The
proposed NFF array can focus on small target with a size of 10 x 10 mm and has an
effective penetration depth up to 55 mm. I have also introduced size reduced NFF
array to simplify the feeding network of the applicator and reduce the system cost, this

array configuration satisfies system requirements and can focus on small targets.

6.2 Background Review and Motivation

Thermal therapy has mainly two types, Hyperthermia and Ablation [98, 99].
Hyperthermia is a form of cancer treatment involving exposing cancerous tissues to
controlled high temperatures which may results in the destruction of cancer cells [100-
102]. The hyperthermia can be considered as not only a treatment itself, but also a
synergistic method with radiation oncology or chemotherapy [105, 176, 177].
Methods of hyperthermia treatment may differ according to different types of cancer
growths. Treatment can be whole-body, regional or local hyperthermia, depending on
the extent of the area being treated [103, 104]. Local body hyperthermia treatment may
directly apply heat to a fairly small, specific area such as tumors to kill the local cancer

cells [114].
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Local hyperthermia systems use various heating methods and technologies
including radio frequency and microwave, ultrasound waves and direct heat to body.
Non-Invasive Local Microwave Hyperthermia (NI-LMH), which is my interest in this
work, is a heat treatment serves to enhance the effectiveness of chemotherapy or
radiation therapy and leads to gain remarkable results. In clinical trials an extension
of doubling the tumors response rate is reported [118, 119, 178, 179] when NI-LMH
employed along with these therapies. In biomedical engineering treatment, thermal
therapy may be delivered either with moderate temperature between 43 to 45°C for 60
minutes in Hyperthermia system or with high temperature of 50°C for 5 minutes in
thermal ablation. To achieve maximum therapeutic effect, the electromagnetic energy
must be precisely delivered only onto the tumor volume [105] which is one of the main
challenges in NI-LMH systems. By introducing near field focused array antennas

[180] for biomedical applications, a new approach attracts lots of interest.

Near field focusing of electromagnetic waves has applications in microwave
thermal therapy [106-109] such as microwave hyperthermia and imaging in
biomedical systems [106, 107]. Here, the key idea is to generate an appropriate phase
for the radiation sources on the antenna aperture (or feeding currents of the array
elements) to obtain an in-phase summation of the aperture contributions at specified
focal point [181]. The far field radiation region may be determined based on the
dimensions of the array and the resonant frequency by (2L%*A). However, most of the
cancerous cells are located in the near field region of the antenna array, so that, an
array of antenna performing near field focused radiation is necessary. Employing array
of antenna generates a narrow beam radiation pattern for local hyperthermia

application results in focusing in small prescribed regions.
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Generally, EM antenna technology used for local hyperthermia systems are
complex, have high cost and large size results in poor fitting to contoured patient
anatomy. The current beam focused antennas categories in two types: 1) planar
focused antennas and 2) nonplanar focused antennas. Planar focused antennas mostly
include, leaky-wave antennas [182-184], patch array antennas [185, 186] and Fresnel
zone antennas [187, 188], whereas, nonplanar focused antennas include reflector
antennas [189], dielectric lens antennas [190], parabolic antennas and conical horns
with a focalizing lens in front of the antenna aperture. The second category has
improved focusing properties, however, they are expensive since more accurate
fabrication technology is needed and very difficult to miniaturize them [108].
However, the planar array structure has small size and convenience for treatment and
patients plus reasonable cost. These features along with being low profile and
lightweight make this class of antennas a realistic option for the NFF array practical

design in NI-LMH application.

A near field focused microstrip array for a radiometric temperature sensor
introduced in [105], the array has 64 elements and small size, however, since the
operating frequency is 12.5 GHz penetration depth is very short. Planer antenna arrays
having a beam focused to a small spot in the near field region suitable for microwave
industrial inspection presented in [191]. The X-band square arrays employed
broadband U-slotted patch antennas with two focal distances of 300 mm and 126 mm.
However, both array and its elements are bulky, heavy and occupies considerable
volume. Lens antennas operating at the ka-band are used in the near-field region are
presented [187]. Although a single antenna is used, however, the overall size is still

large and the penetration depth is short.

193



NEAR FIELD FOCUSED BODY WORN ARRAY FOR NON-INVASIVE MICROWAVE HYPERTHEMIA

In the literature, to cure non-deep seated tumors, non-invasive hyperthermia
applicators are proposed for heating up the target and destroy it permanently [110-
112], these tumors may be located inside the breast, head or neck [113-116]. To obtain
superficial and deep focusing properties, non-invasive focused hyperthermia systems
using complete ellipsoidal beam-formers are introduced in [117, 118]. Here, different
operating frequencies used beside an arrangement of several dielectric matching
layers. However, the introduced applicators are not suitable to heat up the deep-seated

tumors magnificently.

To conduct the feasibility of employing arrays of multiple antennas to heat up
the deeper regions in mimicking human body tissue models, various theoretical studies
and laboratory measurements have been carried out [106, 111, 116, 192-195] using
different methods such as operating over lower frequency bands which may increase
penetration depth but has particular negative effects on system performance. Double
discone antenna presented in [119] to deposit electromagnetic energy into the human
body head, however, several hot regions observed in the phantom temperature
measurements. Non-invasive time multiplexing RF beam-forming technique
employed in [106] to heat up selective localized target in the human body numerical
model. Here, an array of 134 small antennas positioned around the head and deionized
water employed as coupling medium in contact with the head surface. However, for a
practical approach, further simplification and optimization of the proposed setup is

ncecessary.

For NI-LMH application one of the main challenges in NFF array design is
maximizing the power deposition in a desired small target area and increasing the
depth of focus. Recently, design criteria of near field focused antennas have been

studied [108], and different methods have been presented in order to optimize
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characteristics of these antennas such Levenberg—-Marquardt algorithm [109].
However, focusing on small regions is still a challenge as the smallest focusing region
reported in [137] is only 30 x 30 mm. Deposition of electromagnetic energy in smaller
areas may result in destruction of even smaller tumors and enhance the effectiveness

of the Microwave NI-LMH method.

Here, I aim to reduce the size of the focusing area by using optimized array
element and higher operating frequency of 2.4 Ghz. However, the penetration depth
may reduce when applicator resonate at higher frequencies. Since human body is lossy
media to electromagnetic wave propagation [196], microwave hyperthermia systems,
especially for the deep located tumors, radiate at lower frequencies such as 400 MHz
and 915 MHz bands [106] which allow for higher penetration depth. However, due to
the longer wavelength for lower frequencies, these systems have a larger size which
is inappropriate to fit the patient anatomy and have a slight heating distinction of tumor
location. Therefore, I aim to use higher frequency of 2.45 GHz to reduce the radiator
size and have a precise focus on target while keep the penetration depth high enough

to heat up the deep seated targets.
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6.3 Antenna Design

The application of the NFF planar array applicator is limited only for superficial
local hyperthermia due to the low penetration depth [107, 197] when operating over
higher frequency bands. Therefore, a proper operating frequency must be chosen
based on the treatment need and system requirement. In general, for NI-LMH system:s,
near field focused array antenna design faces six major challenges and considerations
including:

- Ability to heat up both superficial and deep seated tumors

- Capability to focus on smaller regions

- Accurate focusing properties on target with minimum heating distinction of

tumor location

- Having minimum number of undesirable hot regions to protect normal cells

from generated artificial heat

- Limited number of radiators for having a smaller applicator

- Improved radiation efficiency

Satisfying all of these requirements may necessitate the need to introduce a
superlative applicator design as some of these requirements are in contrast such as
increasing penetration depth and decreasing applicator size or capability to focus on
smaller regions. Therefore, considering a trade-off, based on the treatment essentials,

would be inevitable.

In near field focused arrays a maximum of the radiated field may be attain at
small area in the array near field region by implementing a proper phase adjustment
worthwhile for compensation of the different distance between each source point on

the antenna aperture and the focal point. Here, the size of the focused area of a near
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field focused planar array depends on the elements arrangement and the array overall
size, inter element distance, prescribed focal depth, operating frequency and phase
profile at the antenna aperture. By increasing the number of properly excited radiating
elements in the array arrangement, the electromagnetic waves can be focused in
smaller region, however, focusing on smaller targets is still challenging since
additional adverse hot spot may appear when they array arrangement is poor with extra
mutual coupling between elements. To achieve a low side lobe level (SLL)
characteristic the spacing between two neighboring antennas must be carefully
designed to reduce the mutual coupling between array elements, however, this may
increase the system size significantly. In 6.3.2 subsection, on the basis of both
theoretical analysis and numerical trials, appropriate array arrangement and number
of array elements (along with proper values for the above mention design parameters

and considerations) have been investigated.

6.3.1 Calculation Environment

To mimic the applicator performance when placed close to the human body, the
proposed array was immersed inside an inhomogeneous multi layered complex human
body phantom using HFSS [132] as depicted in Figure 6-1. The model is an adult male
patient standing on its feet along z axis. It consists of over 300 body parts to represent
bones, muscles and organs. It has accuracy at the millimeter level and a frequency
dependent material properties database is included. This model can provide accurate

results however it is not memory and computational time intensive.

Therefore, for empirical optimization, I need to obtain results faster and hence a

smaller numerical multi-layered block model was also employed as shown in Figure
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6-2. The simplified numerical tissue model consists of a tumor region with a size of
20 x 20 x 10 mm and a three layered block human body tissue model involving skin,
fat, and muscle. The size of the tumor can be varied from the minimum size of the 10
x 10 mm to maximum size of 30 x 30 mm. The dielectric properties of these layers

[135] and tumor are tabulated in Table 6-1.

The equivalent phantom is composed with 2 mm of skin, 4 mm of fat, and 80
mm of as muscle. Based on my calculations, the diminutions provided for this
numerical model is appropriate for higher frequency analysis such as 2450 MHz,
however, the thickness provided for each of the layers are proper for all the frequency
bands of interest. For the lower frequency bands such as 400 MHz the diminutions

have to be increased carefully by considering the wave length.

The layered rectangular block phantom was used to mimic the RF energy
exposure under the chest skin whereas a cylindrically shaped multi-layered phantom
can be used to mimic the RF energy exposure inside the arm or leg. Here, the array of
antenna was first embedded into the bolus, as shown in Figure 6-2, then the applicator
performance calculated using FEKO™ [133] while it is placed close by the skin and
above the muscle layer. The bolus pack which is in contact with the skin surface acts
as a coupling layer that helps impedance matching to the array and also protect the
patient skin from being overheat by cooling effect. The coupling water based bolus
pack which is filed with distilled water and silicone emulsion has similar dielectric
properties to human body skin at 2.45 GHz. Later the complex human body has been
employed to verify the applicator performance exposing RF energy into the human

body different tissues such as head, neck and breast.
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Figure 6-2. Calculation set up for the proposed array inside the bolus close by the multi-layer

numerical phantom (side view).

TABLE 6-1
DIELECTRIC PROPERTIES OF HUMAN BODY

Freq. Muscle Skin Fat Tumor Bolus

Permittivity 245GHz 528 38.1 528 515 49.5

Conductivity s/m 2.45GHz 1.7 1.44 0.10 192 1.6
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6.3.2 Specific Absorption Rate (SAR) and Bio-heat Transfer Equation

Electromagnetic field deposit energy into the human body when passing through
and this will raise the tissue temperature of the human body. The temperature
increment of human body by microwave can be defined from specific absorption rate
(SAR) and the bio-heat transfer equation [137, 198]. The bio-heat transfer equation
defines pace of the temperature elevation with SAR, blood perfusion, and thermal
conductivity, simply, it represents the relationship between the rate of electromagnetic

energy absorbed into the human body and the temperature incensement.

oT
cpE:szT—ppbch(T—Tb)+pSAR (6.1)

where the T is the temperature (°C), tissue density is (p) (kg/m?), t is the time
(s), k is the thermal conductivity (W/m.K), c is the specific heat (J/kg.K), pb is the
density of the blood (kg/m?), the F is the blood flow rate (m?/kg.s), cv is the specific

heat of the blood (J/kg.K), and Ts is the temperature of the blood (°C).

The distribution of absorbed electromagnetic power in human tissue causes
temperature elevation whereas blood perfusion and thermal conductivity diffuse the
generated heat. The hyperthermia treatment system takes advantage of the different
reactions between tumors and normal tissues. When hyperthermia system radiates,
healthy tissues could handle the heat since blood circulation spreads the heat over the
body to maintain homeostasis. However, the blood flow rate is low inside the tumors
and there is no proper distribution of blood vessels to damp the artificial heat. As a
result, when heat is continuously accumulated in human body, cancerous cells

temperature will increase dramatically compared with healthy cells.
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6.3.3 Array Configuration

The excellence and the success of NI-LMH treatment are extremely dependent
on the capability to deposit power effectively and thus, to localize the temperature
distribution in the tumor region without damaging the surrounding healthy tissues.
Near field focused patch array antennas are one of the best options for hyperthermia
systems since they can promise the low profile, light weight and low cost radiating
arrays. The operation of focusing in these types of antennas is based on controlling the
phases of the each element in order to sum in all the phases at focal distance [191, 199,
200]. To reach this goal, a proper phase shift should be applied to the elements in order
to compensate the phase differences caused by the distance of each element from the

focal point.

Transmission line theory can be used to design the feeding network, the
amplitude distributions may be obtain using power dividers with tuned width for the
feeding lines. The phase difference may be obtain in various ways. Here, by tuning
the length of the feeding lines, (or coax cable connected to each radiating element) the

phase distributions realized.

The speed of electromagnetic waves is different form the space when travelling
through the coaxial cables, so that the wavelength is also different. The velocity factor
(VF) that RF signals travel inside a coaxial cable can be determined by (as the

proportion of speed of light):

VF

(6.2)
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where C and L are the distributed capacitance and inductance of the feeding
cable (per meter) and the c is the speed of light. The length of the feeding cable to

obtain the suitable phase shift for a specific radiating element can be calculated by:

_ K
C.L = A4 X 260 (6.3)
where )lg = VP}‘CXC =VF XA,

Ag 1s wavelength in the cable, ¢ is the required phase shift and f is the operating
frequency. When the characteristic impedance (Zo) and capacitance of the coaxial

cable are provided by the manufacturer, V.F can be calculated using:

VF

s (6.4)

where Zoy = [=

To study how the array size and its configuration may affect the focusing
properties of near field focused arrays for hyperthermia application, I have presented
various NFF arrays including four elements NFF linear arrays, sixteen elements NFF

circular arrays and two NFF square arrays with size of 4 x 4 and 5 x 5 elements
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operating at 2.45 GHz. The performance of these array have been investigated when

immersed inside the coupling bolus and placed close by the numerical human b

ody

model as shown in Figure 6-2. Here, I assumed a small tumor with a size of 10 x 10

mm located at depth of 50 mm inside the human body that must be heated to kill all

the cancerous cells.

I have designed a four element linear array in the rectangular coordinate system

located on x axes. The number of elements in this array, separated by distance d,

arc

fairly limited so that the overall size of the applicator would be small and the system

cost including the feeding network would be less. However, the directivity of this array

may not be high enough to focus on small area, therefore, its radiation performance

must be evaluated.

Surrounding
healthy
tissue

2mm =
o R Bolus
<15.2 g
Ll """ Four element linear array

Figure 6-3: a) The presented linear array immersed inside the coupling bolus. b) The applicator
package close by the multi-layer block human tissue mimicking phantom.
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XYZ E-Field [dBV/m] 74

Figure 6-4. E-field distribution of linear array at depth of 5 cm.

The presented linear array has a length of 50 mm (3A¢) and immersed inside the
coupling bolus as shown in Figure 6-3a. The whole package is placed close by the
multi-layer block human tissue mimicking phantom, shown in Figure 6-3b, to focus
on the target area. My calculation results, shown in Figure 6-4, reveals that the linear
array could not focus on the target effectively, the focusing area is large with a non-

geometric shape and not easy to reduce its size.

To overcome this issue, a circular array with a sixteen elements has been
designed. The circular array has a radius of 72 mm, located in the x, y plane, and
immersed inside the bolus where the elements are distributed equidistantly. The
circular array configuration is shown in Figure 6-5 and the angular position of n
element (n = 1, 2, 3, ...) can be obtain using ¢ = 2nn/N respect to x axes. The
simulation results, using multi-layer block human tissue phantom, indicate that
circular array could not focus on the tumor precisely at depth of 50 mm as shown in
Figure 6-6. It generates Multiple hot spot region with oval shape which are not useful
for my presumed scenario. Consequently, I employed the square configuration to
investigate its performance when using a similar and same number of radiating

elements.
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Figure 6-5. Circular array configuration.

XYZ E-Field [dBV [m]
0.0

I 023
-5.0

-7.5

-10.0
-12.5
-15.0
-17.5
-20.0
-22.5

Figure 6-6. E-field distribution of circular array at depth of 5 cm.

Figure 6-7 shows a typical geometry of planar square arrays in the rectangular
coordinate system located in the x, y plane. The square array involves N X N active
antennas on a rectangular grid. The electric field radiated at the observation point P(x,

y, z) by the N x N array can be expressed as [108]:

N, N,
2 2
E(p) = Z ZlmnEmn(P) (6.5)

N N

—_— =

2 2

m

where Imn and Emn (P) are the feeding current and the radiated field

corresponding to the (m, n)" element of the array, respectively. The (m, n)" element
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is located at the point of coordinates (xm, yn, 0) with an inter-element distance (d) along
both axes, where xm =2(m+1) d/2 , yn =2 (n+1) d/2, the length and width of the array
is L = Nd. The focal point of my interest is located at F = (0, 0, ro (in this case ro=
Smm)), along the normal to the array plane. Here, the feeding current amplitude for
each active element has been set equal to Io (since focal point is located on z axis) and

its phase, ¢mn, can be obtain using:

27
Do = 7[\/’@1 +y, _FOJ (6.6)

to facilitate all the element contributions add in phase at the focal point. It should be
noticed that the length differences for setting phases depend on the surrounding
environment and the substrate guided wavelength at operating frequency. Here, the
radiating array immersed inside the coupling bolus and the elements are printed on the
FR4 substrate. The dielectric properties of bolus are tabulated in Table 6-1 and the
FR4 substrate has the dielectric permittivity of 4.4 at 2.45 GHz, hence, the calculated

hetr 1s equal to 16 mm.

To investigate the square configuration performance, a 4 x 4 square array has
been designed with the similar and same number of radiating elements used in the
circular array. The initial spacing between the radiators set to Aef/2 and the required
phase shift obtained using (6.2) for the focal depth of 5 cm. The new NFF square array
is able to focus on single and smaller area compare to the sixteen elements NFF
circular array as shown in Figure 6-8. To study how the size of the square array may

affect its near field focusing characteristics, a 5 x 5 square array has been designed.
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Here, the proposed array geometry consists of 25 miniaturized microstrip patch
antenna resonating at 2.45 GHz. The desired focal area has a depth of 5 cm from the
skin surface and has a size of 10 X 10 mm. The initial spacing between elements of
antenna array was set to Aeft/2, the feeding current amplitude has been set equally for
each element since the target assumed to be located on the z axis parallel to x-y plane.
The initial value of phases for the array feeding network obtained using (6.2) while ro
value set to 5 cm. Here, empirical studies have been conducted for optimizing the
phases’ value to adjust the desire depth and focus on single small target area. To reduce
the number of side lobes (additional hot spots) mutual coupling has to be minimum.
To determine the optimum distance and reduce the mutual coupling effect, I obtain the
appropriate seating position by performing systematic numerical experiments with
FEKO™ [133] while initially employing block-layered numerical tissue model.
Furthermore, to compensate the influence of bolus on array performance and focal
point accuracy, the effect of dielectric properties of bolus on effective wavelength has

been considered for optimization.

Compared to the 4 x 4 square array, with same focal depth, the 5 x 5 array has
improved the focusing characteristic significantly (the array performance discussed in
details in section 6.4). I concluded that as the number of antennas increases, more
radiated energy may focus to central area of the maximum field intensity plane (this
improves the ability to focus on much smaller areas). The x-y plane cut of the
calculation set up, showing the proposed array configuration inside the bolus, is also
illustrated in Figure 6-9. The finally designed array of antenna has a size of 72 x 72
mm when placed inside a coupling bolus and operates over 2450 MHz. The overall
size of the bolus pack is 10 x 10 x 1.52 cm which is quite appropriate for EM antenna
hyperthermia systems.
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Figure 6-7.

F(0,0,z=r), P(x,y,z)
\2Z
5 & L//y
~y ~ VY A & /
7 47 A 4V 4 VY & & /
7 4/ & 4 V & & /
I 3PV Y
7 4 V A & & & & / X
7 4 V A & & & & /
7 4 V &V & & & & /
I/
(X, Y, 0)

A three-dimensional view of the planar square array geometry [108].
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Figure 6-8. E-field distribution of array at depth of 5 cm.

Figure 6-9. Configuration of the proposed array of antenna array inside the bolus (top view).
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6.3.4 Technics to Optimize Focusing

Near field focused array of antennas can be employed to focus the
electromagnetic energy into the desired spot in the radiating near field (Fresnel) region
[105, 108, 187, 191]. However, for medical applications such as noninvasive
microwave hyperthermia, it is desired to maximize the energy deposition at a
prescribed spot precisely and heat up the unhealthy biological tissue [107, 201]. To
achieve this goal and reduce the number of undesired hot spots (minimizing side lobs)
an appropriate optimization method is needed to enhance the amplitude and phase of

the array feeding network [202, 203].

Consider a hyperthermia system consists of an applicator with N elements
radiating array and a receiver antenna. The receiving antenna is for measurement
propose only and it is separated by a distance of D from the transmitting array as
shown in Figure 6-10. The receiving antenna is placed in the desired position in which
radiations need to be maximized. This system, as illustrated in Figure 6-10, forms an

N-+1 ports network that can be characterized by the scattering matrix as follows [204]:

Where

Q] = [l iz i
[ir] = [in4al

el =0y J2o 0 Inl”
Ur] = ln+al

209



NEAR FIELD FOCUSED BODY WORN ARRAY FOR NON-INVASIVE MICROWAVE HYPERTHEMIA

are the normalized incident and reflected waves. The subscript “t” denotes the

€C Y

transmitting antenna array; and the subscript “r”” represents the receiving antenna. The
power transmission efficiency, 1, between the antenna array and the receiving antenna

is defined as the ratio of the power delivered to the load of the receiving antenna to

the input power to the antenna array and can be expressed as:

_ |[jr]|2_|[ir]|2
PRI

(6.8)

:" -------------- " Array of Antennas

i a E

| Port 1 b1 E D

E | ‘-_:_ _____________ ~ 7 an+1

i I o

: I 5

i an i bn+1

! E : Port nt1

| Portn b, | Receiving Antenna

Figure 6-10. Antenna array and receiving antenna separated by distance D.

I have expected the receiving antenna to be matched to maximize the n, so that
[ir] = 0. Using (6.3) and (6.4), the maximum power transmission efficiency between
the receiving antenna and the radiating array can satisfy the following eigenvalue

equation [205]:

[K1[ic] = n [L][i,] (6.9)
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Where

[K] = [S7]" [Sre (6.10)

[L] = 1 — [S¢e] [See (6.11)

The equation (6.9) may reduce when the entire array of antenna is matched,

[K1[i.] = n [i] (6.12)

The largest eigenvalue of equation (6.12) gives the maximum possible value of
power transmission efficiency which can be obtain numerically. For the array feeding
network, the corresponding eigenvector [a:] is the optimal distribution of excitation at
the antenna array ports. Here, while deriving (6.9) and (6.12), the antenna types and
surrounding media are presumed to be arbitrary so that this optimization method can
be apply to any arbitrary array of antennas. Since there is only one receiving antenna,
equation (6.12) yields only one positive eigenvalue and the rest are zero as the rank of
the matrix [k] is one. Hence, the unique non-zero eigenvalue of equation (6.12)
provides the maximum power transmission efficiency between the receiving antenna
and the antenna array. The corresponding eigenvector gives the optimal excitation for
the transmitter antenna array in the sense that the transmitted electromagnetic energy
is maximized towards the receiving antenna. To minimize the transmitted
electromagnetic energy in the direction of the receiving antenna and generate a null in
the desired direction, the eigenvectors corresponding to the zero eigenvalues of

equation (6.12) can be used as the optimal excitation distributions for the array of the
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antennas. I employ this optimization procedure to optimize the proposed array of Dual

Slot PIFAs for NI-LMH system.

6.3.4.1 Feeding Optimization

Here, the goal of the optimization is set to maximize the 1, power transmission
efficiency, between the receiving antenna and the transmitting array. The optimization

procedure for the proposed array antenna can be summarized in three steps as follow:

1) Calculate the scattering parameters of the system involving the

receiving antenna and the transmitting array.

2) To achieve the optimum amplitude and phase distribution for the

radiating elements the eigenvalue equation (6.12) has to be solved.

3) The optimum amplitude and phase distribution can be used to

modify the antenna array feeding network.

The receiving antenna is the same as the element employed to form the active
array and the distance, D, is assumed to be 50 mm, the receiving antenna is thus placed
at (r, 0, ) = (50mm, 0, 0). To obtain the scattering matrix for the proposed array
configuration the whole system without feeding network was simulated employing the
computer aided design (CAD) tools, such as Feko and HFSS. To calculate the
scattering parameters, all of the ports are terminated to 502 load except one of the
ports which is active and connected to the signal source. This will generates the

scattering matrix of the whole system.

The optimal excitation distribution for the array elements as well as the
maximum power transmission efficiency for the system can be obtained from (6.8)
using the computed scattering parameters. For the proposed 5 x 5 rectangular
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configuration, the maximum power transmission efficiency between (the only nonzero
eigenvalue) is found to be 3.2%. The corresponding optimized distribution of

excitations (phase and amplitude), [it], are tabulated in Table 6.2.

Here, by varying the location of the receiving antenna, in the Fresnel region of
the proposed array, the focal distance could be adjusted. Also, the surrounding
environment and the mutual coupling between the array elements have already taken
into account when generating and exporting the scattering parameters from the CAD
tools. Finally, power dividers with different choices of width for the feeding lines
(alternatively use power attenuators) can realize the array elements amplitude. The
phase distributions also can be generate by adjusting the length of the feeding lines.
The radiating element employed for the proposed NFF arrays, is presented in section

6.3.5 of this chapter.

TABLE 6-2
OPTIMIZED PHASE AND AMPLITUDE DISTRIBUTION OF THE DUAL SLOT PIFA ARRAY

Colum 1 Colum 2 Colum 3 Colum 4 Colum 5
Row1l 0212 —140° 0212 —-80° 0202 —60° 0.192 —80° 0.192 —150°
Row2 0212 —110° 0212 —60° 0202 —30° 0.192 —60° 0.192 —100°
Row3 0202 —80° 0.24 2 —30° 0.2520° 0.24 2 —30° 0.202 — 80°
Row4 0.182 —100° 0.182 —60° 0202 —30° 0222 —60° 0222 —110°
Row5 0.18 2 —150° 0.182 —80° 0202 —60° 0222 —80° 0.222 —140°
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6.3.5 Array Element Design

The Dual Slot PIFA proposed in Chapter 3 has suitable characteristics to be
employed as the applicator array element. It has a volume of 0.5 cm® when immersed
inside the coupling bolus and operates over 2.45 GHz. The antenna has a small size
with dimensions of 19 x 17 x 1.6 mm [196]. However, employing twenty five of Dual
Slot PIFAs with proper spacing between them, will increase the size of the proposed
applicator. Reducing the size of the array element while maintaining its specifications
the same, will help to reduce the size of the applicator and enhance its performance.
Therefore, I have redesigned and adjusted the antenna geometry with the aim of further
miniaturization. Moreover, the protective layer, superstrate, should be removed from
the top of the antenna since the package is not implantable inside the human boy. To
compensate the effect of removing the protection layer, the antenna size and its

geometry parameters need to be adjusted.

Here, I have optimized and miniaturized the Dual Slot PIFA in three steps. First,
a model of the antenna with a shorting pin, as shown in Figure 6-11, placed close by
the human body numerical phantom and the geometrical parameters of the antenna
were varied to obtain resonance at the ISM, 2.45 GHz, band. Second, the antenna
immersed inside the bolus equivalent numerical phantom and the antenna structure
size adjusted, following the generalized procedure shown in Figure 3-2, to operate
over the operating band. Third, empirical parametric studies employed to investigate
the effect of the antenna geometry parameters on resonant frequency and patch size
reduction. Here, the applicator was placed close by the complex human body model

for a precise simulation as shown in Figure 6-1.

214



NEAR FIELD FOCUSED BODY WORN ARRAY FOR NON-INVASIVE MICROWAVE HYPERTHEMIA

I have conducted detailed parametric study to investigate the effects of each
geometrical parameter of the Dual Slot PIFA on the resonant frequency with an aim
to further size reduction. To achieve this I followed the generalized procedure as
shown in Figure 6-12 and could reduce antenna physical size significantly. Here, the
effects of the feed and shorting pin positions, width and lengths of the slots while
fixing other antenna parameters were also investigated. My studies have indicated that
by reducing the slot lengths while at the same time placing the feed and shorting pin
at appropriate locations, one could reduce the size of the antenna without affecting the
resonance at 2450 MHz. The new antenna size is 8 x 7.7 x 1.6 mm (92 mm?) and
compared to the pervious design with volume of 516 mm? in [196] occupies 5.5 times
smaller volume. So that the overall size of the 25 element array could be reduced

significantly by employing the miniaturized Dual slot PIFA.

Ground Plane

L
- >
A
/Feed
A®
Yt E Pin
:/ w
Ls ’
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L ‘P <> “+—»>
X Li Ws Ps

Figure 6-11. Geometry of Dual Slot PIFA.
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Figure 6-12. The DS-PIFAs size reduction flowchart.

Figure 6-13. Printed Dual Slot PIFA on FR4 substrate and measurement setup.
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Figure 6-13 shows the antenna prototype printed on a FR4 substrate and the
measurement setup. The measurement set up for the single antenna prototype is the
same as the one that I used in section 1.4 with the similar dielectric properties for the
solid experimental mimicking phantom (measured again and reported in 4.6 section
of this chapter). The prototype of dual slot-PIFA had a single metallic layer and was
printed on a single side of a FR4 substrate having a dielectric constant of 4.7, loss
tangent of 0.0038, and thickness of 1.6 mm. Figure 6-14 compare the simulated results
on reflection coefficient for the proposed antenna when immersed inside
homogeneous numerical phantoms were compared with the measured results when the

antenna was immersed in the equivalent phantom at 2.45 GHz.

-
(=}

-
wn

Measurement in tissue
equivalent phantom
—Calculated in homogeneous

Reflection coefficient (dB)
)
o

=25 phantom
-30
I 2450 MHz Fra. GH
I
35 ' rq. GHz
0.5 1 1.5 2 L 3 - B 4

Figure 6-14. Measured vs calculated: Homogeneous numerical phantom.
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6.4 Calculation Results

The 5 x 5 Dual Slot PIFA array designed to cover 2450 MHz frequency while
able to focus the electromagnetic field in a small area with desire depth to heat the
tissue for treatment applications. The desired focal point initially was set for depth of

5 cm from the skin surface.

The E-field information is required to calculate the focusing area that the
applicator is able to heat up and determining the effective penetration depth of
radiation. Furthermore, the SAR level could be calculated directly from the E-field
information so that the temperature rises in the target and the surrounding tissue can
be determined. When the heating time duration is 60 minutes, and the total input power
for the applicator is 1 Watt, the temperature distribution reaches to the maximum of
46 °C as shown in Figure 6-15. The initial body temperature phantom has 37 °C
whereas room temperature is 15 °C. For the ease of tissue modeling and simplicity of
calculations, I have neglect the blood flow rate, F, in bioheat transfer equation. The
blood flow may reduce the temperature raise inside the target, however, this would be
easily compensated by increasing the applicator input power slightly. The exposing
time and the total input power for the array must be controlled to prevent heating cells
over 47 °C for safety of healthy tissue.

Figure 6-17 shows the E-field distribution of the array at different target depth
(20, 30, 40, 50 mm) from the skin surface. A small focused spot of 10 x 10 mm with
20% tolerance is achieved between 20 to 50 mm of depth. Moreover, the calculated
temperature rise using SAR demonstrates that an effective penetration depth up to 55

mm depth is achievable as shown in Figure 6-15.
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Figure 6-15. Temperature distribution of 5 x 5 planar array.

The 3D normalized SAR distribution of the proposed 5 x 5 array, at the depth of
35 mm from the skin surface, is illustrated in Figure 6-16. This is the depth where the

SAR appears at its highest rate and focused at the center along the z axis.
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Figure 6-16. Normalized SAR distribution at depth of 3.5 cm.
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Figure 6-17. E-field distribution of array at different target depth along z axis: a) 20mm, b) 30mm, c)
40mm, d) 50mm from the body surface.
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6.5 Antenna Array with Limited Number of Elements for NI-LMH

Arrays consist of a large number of elements are capable to show excellent
performance for NI-LMH systems, however, having more elements in array will
increase the size of the applicator significantly, it will also increases the size and
weight of the bolus results in patient discomfort as shown in Figure 6-18. Moreover,

the complexity, cost and weight of the feeding network will also increase remarkably.

Here, to overcome this issue I limit the number of elements from twenty five to
nine so that the cost, weight and complexity of applicator and its feeding network
reduces considerably. On the other hand, reducing the number of elements decreases
the ability to focus on the smaller regions and focal point accuracy. To compensate
these weaknesses, I will introduce six new array arrangement consist of maximum

nine active and passive elements for NI-LMH application.

=

Figure 6-18. Array of antenna (feeding cables included) inside the applicator for NI-LMH.
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6.5.1 Square Arrangement

The geometry of the square array is shown in Figure 6-19a. It consists of eight
active elements placed on each corner of the square and middle of the opposite sides.
The square array has a perimeter of 160 mm and the applicator pack has overall size
of 6.5 X 6.5 x 1.52 cm when the array operates over ISM, 2.45 GHz, band. The new
applicator was placed closed by the complex human body numerical phantom, as

shown in Figure 6-1, to calculate the array performance.

I learned that the square arrangement could not focus on small targets precisely,
as shown in Figure 6-20. Therefore, a single parasitic element added to the array at the
center of square to improve beam string. The geometry of the square array with
parasitic element at the center is shown in Figure 6-19b. I conclude that adding
parasitic element helps to improve the accuracy of focal point when heating up the
target, however, to have a more precise focusing, more parasitic elements is needed.
This will increase the number of antennas and applicator size which is not my interest

at this stage so that I use circular arrangement in the next sub section.

Figure 6-19. Square array arrangement: a) without parasitic antenna, b) with parasitic antenna.
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Figure 6-20. E-field distribution of square array arrangement.

6.5.2 Circular Arrangement

Here, I have arranged the eight active antennas in such a way to form a circular
array with an aim of more accurate focusing on cancerous cells. The diameter of the
circular array is fixed at 55 mm and radiating elements are distributed around the circle
equidistantly. The geometry of the proposed circular array, to cover ISM band (2.45
GHz), is shown in Figure 6-21a. The applicator has a size of 7 x 7 x 1.52 cm and
placed closed by the complex human body numerical phantom to calculate its

performance.

The circular array could focus on smaller targets compare with the rectangular
array presented in previous sub section. However, the penetration depth is not deep
enough to heat up the deep seated tumor. To deposit the energy in not only superficial
tumors but also in the deep seated ones, I added a parasitic element at the center of the
circular array, as shown in Figure 6-21b, later I investigated the effects of varying the
size of the parasitic element. Here, the gain and directivity of the circular array may
be increased up to 12% by changing only the length and width of the parasitic elements

by 5%. Adding a parasitic element at the center of the circle helps to focus on the
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target more accurately, as shown in Figure 6-22, however, it does not help to heat up
deep seated tumors. To overcome this issue, I introduce cross array for NI-LMH in the

next sub section.

Figure 6-21. Circular array arrangement: a) without parasitic antenna, b) with parasitic antenna.

XYZ E-Field [dBV {m]

Figure 6-22. E-field distribution of circular array arrangement.

6.5.3 Cross Arrangement

Generally, cross arrangement for printed PIFA arrays perform well when
directional beam is needed. In this subsection, I have employed eight active elements
to form proposed cross array as shown in Figure 6-23a. Both horizontal and vertical
legs of the cross array have a size of 70 mm when array resonate at 2.45 GHz. The

new applicator pack has overall size of 8.6 x 8.6cm and was placed closed by the
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complex human body numerical phantom to calculate the array performance. The
cross array could heat up both superficial and deep seated tumors with minimum
number of undesired hot spots, however, the its front to back ratio is low caused the
system efficiency reduce significantly. Furthermore, the low front to back ratio may

raise safety issues since the cross array radiates backward.

[ [

] [
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]

]

Figure 6-23. Cross array arrangement: a) without parasitic antenna, b) with parasitic antenna.
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Figure 6-24. E-field distribution of cross array arrangement.

For NI-LMH application when using near filed focusing array, a high front to
back ratio is desirable since it indicate that the minimum amount of energy is radiated
towards undesired directions. In general, to overcome this issue, the spacing between

the antennas are adjusted whit an aim of achieving maximum front to back ratio, rather
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than maximum gain in the desired direction. However, this will effect on the applicator
performance in a negative way so that the array could not deposit energy in deep seated
tumors. Alternatively, I have used a single parasitic element with the same size of the
active antennas; the passive antenna positioned at the center of the cross array as
illustrated in Figure 6-23b. I concluded that the passive element increase the
directivity, acts as a director, and improve the front to back ratio. However, the
minimum number of hot spots may increase when employing parasitic element for the

cross array as illustrated in Figure 6-24.

6.5.4 Hexagonal Arrangement

The geometry of the hexagonal array is shown in Figure 6-25a. It consists of
only five active elements placed on each corner of the hexagonal array. The hexagonal
array has a maximum radius of 30 mm and the applicator pack has maximum size of
7 x 7 x 1.52 cm when the array operates over ISM, 2.45 GHz, band. The new
applicator was placed closed by the complex human body numerical phantom, as

shown in Figure 6-1, to calculate the array performance.

I concluded that the hexagonal array could not focus on cancerous cells
accurately, as shown in Figure 6-26, so that a single parasitic element added to the
array at the center of the hexagon to improve the beam string. The geometry of the
square array with parasitic element at the center is shown in Figure 6-25b. I learned
that adding parasitic element improves the accuracy of energy deposition when
heating up the target, however, to focus exactly on a specific area more elements needs
to be added. This will increase the size of the applicator and does not agree with goals

I set at beginning of this section.
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.o

Figure 6-25. Hexagonal array arrangement: a) without parasitic antenna, b) with parasitic antenna.

XYZ E-Field [dBV{m]

Figure 6-26. E-field distribution of hexagonal array arrangement.

6.5.5 Outer Square & Inner Circular Arrangement

The proposed array arrangement consist of both ring and square arrays with four
excited antenna in each. The diameter of the ring array is fixed at 36 mm and the
radiating elements are distributed around the ring equidistantly. The square array has
a perimeter of 200 mm and the four antennas are placed at four corner of the square.
The geometry of the proposed array, covering ISM band (2.45 GHz), is shown in
Figure 6-27a. The applicator has a size of 7.2 X 7.2 x 1.52 cm and placed closed by

the complex human body numerical phantom to calculate its performance.
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I have also employed a single parasitic element at the center of the ring, as
illustrated in Figure 6-27b, to increase the accuracy of the focal point focusing on
cancerous cells. The proposed nine elements array could focus on smaller targets
compare with the previous arrangements proposed in this section and able to heat up
both superficial and deep seated tumors. It has also a higher front to back ratio,

However, the number of undesired hot spots is not minimum as shown in Figure 6-28.

Figure 6-27. Outer Square & Inner Circular array arrangement: a) without parasitic antenna, b) with
parasitic antenna.
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Figure 6-28. E-field distribution of Outer Square & Inner Circular array arrangement.
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6.5.6 Outer Circular and Inner Square Arrangement

To reduce the number of undesired hot spot to none, I increase the ring radius
and decrease the square perimeter for the previous design. The diameter of the ring
array is fixed at 50 mm and the four radiating elements are distributed around the ring
symmetrically as shown in Figure 6-29a. The square array has a perimeter of 110 mm
and the four antennas are placed at four corner of the square. The geometry of the
proposed array, operating over ISM band (2.45 GHz), is illustrated in Figure 6-29a.
The applicator has a size of 7.2 x 7.2 x 1.52 cm and placed closed by the complex

human body numerical phantom to calculate its performance.

Later, to focus on smaller targets with high level of accuracy, a single parasitic
element, with the same size of the active antennas, added to the center of the array as
shown in Figure 6-29b and investigated its effect on array performance. Directivity
and gain of the proposed array could be increased up to 10% by increasing the length
and width of the parasitic elements up to 3%. I learned that adding a parasitic element

at the center of the array helps to focus on the target precisely.

The proposed nine elements array could to heat up effectively both superficial
and deep seated tumors and capable to focus on smaller targets compare to the
previous arrays proposed in this section. It has also a higher front to back ratio and
minimum number of undesired hot spots. These features demonstrates that the
introduced array is suitable for NI-LMH systems employing near filed focusing arrays.
Here, I could successfully reduce the applicator size, complexity of the feeding
network and the cost of the system while increasing the patient comfort with limited

number of radiators inside the applicator.
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Figure 6-29. Inner Square & Outer Circular array arrangement: a) without parasitic antenna, b) with
parasitic antenna.

6.5.6.1 Calculation Results

For the calculations using numerical human body mimicking phantom, the
temperature distribution reaches to its maximum of 45.5 °C at depth of 30 mm as
shown in Figure 6-30. The total input power for the applicator was set to 1 Watt and
the duration of the heating time is 60 minutes. The initial body temperature phantom
is 37 °C whereas room temperature is 15 °C. For the ease of tissue modeling and
simplicity of calculations, I have neglect the blood flow rate, F, in bioheat transfer
equation. The exposing time and the total input power for the array must be controlled
to prevent heating cells over 47 °C for safety of healthy tissue. Figure 6-3 lillustrates
the 3D E-field distribution of the proposed nine elements array at depth of 50 mm from
the skin surface. A small focused spot of 15 x 15 mm with 15% tolerance is achieved
between 20 to 50 mm of depth. Moreover, the calculated temperature rise using SAR
demonstrates that an effective penetration depth up to 52 mm depth is achievable as

shown in Figure 6-30.

The optimized excitation distribution (phase and amplitude) for the proposed

array, using optimization method presented in section 6-3-3, is tabulated in Table 6-3.
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Figure 6-30. Temperature distribution of the nine elements planar array.

TABLE 6-3
OPTIMIZED PHASE AND AMPLITUDE DISTRIBUTION OF THE DUAL SLOT PIFA ARRAY
Colum 1 Colum 2 Colum 3 Colum 4 Colum 5
Row 1 N/A N/A 0302 —120° N/A N/A
Row 2 N/A 0.33 £ — 60° N/A 0.33 £ —60° N/A
Row3 0.30 2 —120° N/A 0.00 £z 0° N/A 0.302 —120°
Row 4 N/A 0.33 £ — 60° N/A 0332 —60° N/A
Row 5 N/A N/A 0.30 £ —120° N/A N/A

Figure 6-31. E-field distribution of Outer Circular & Inner Square array arrangement at depth of 5 cm.
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6.6 Experimental Setup and Temperature Measurement

The proposed NI-LMH system prototype consists of a signal generator, a low
noise amplifier (LNA), an eight-channel power divider, coax phase shifters and nine
elements NFF array. The temperature rise measurement is configured in four stages
illustrated in Figure 6-32. The signal generator delivers a low-power (10 dBm)
continuous RF signal at 2450 MHz. The CW signal then amplified with a broadband
LNA amplifier (Minicircuits Zx60-83LN+) generating +30 dBm power as planed in
stage 1. The signal then transmitted into the 8-way power divider (Minicircuits
ZN8PD1-63W-S+) and each equally divided channel (signal) is then instantaneously
phase-delayed using coaxial feeding cables with proper different length determined in
pervious section. Each of the appropriately delayed signals are then used to excite the
NFF antenna array immersed inside the coupling bolus as shown in stage II. The
applicator transmits the electromagnetic energy to the experimental mimicking

phantom with an excitation power of 30 dBm.

The third stage involves the preparation of the equivalent experimental phantom
for the human body and the coupling bolus. The one layer equivalent experimental
phantom is the same as the one that I used in section 3.4. The dielectric properties for
the human tissue experimental phantom and the coupling bolus has been measured
(using DAK dielectric probe kit and Agilent E5S071C network analyser (from 100 MHz
to 3 GHz)) and illustrated in Figure 6-33. The coupling bolus consists of silicone
emulsion and distilled water with 15 mm thickness which is placed close by the human
body experimental phantom. The thermal information at depth of 3 cm from the
phantom surface has been observed at nine different points (in red color) on x-y plane

as shown in Figure 6-34. The temperature rise has been measured using optical
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thermometer device (Luxtron FOT Lab Kit) as planned at stage IV. The configuration

of the temperature measurement set up and the NFF antenna array prototype printed

on FR4 substrate (top view and bottom view) are shown in Figure 6-36 and Figure

6-35 respectively. The digital dc power supply employed to supply the voltage bias to

the low noise power amplifier and the spectrum analyzer employed to validate the

quality of the input signal.
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Figure 6-32. Temperature raise measurement block diagram.
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Figure 6-33. Ccomparison of relative permittivity and conductivity of the beef phantom with
published data in skin and muscle.
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Figure 6-34. Temperature measurement points at depth of 3 cm from the phantom surface on x-y
plane: a) desired hot spot in red, b) surrounding tissue and boundary points in green.
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Figure 6-36. Temperature raise measurement setup.

In order to verify the impedance characteristic of the NFF antenna two ports of
the eight active elements selected for verification (port 1 and 2). The measured result
on reflection coefficient when the presented near field focused antenna array immersed
inside the coupling bolus and placed close by inside the experimental phantom, shows
a good agreement with calculated result using complex human body as shown in

Figure 6-37. Furthermore, the measured and calculated results on scattering parameter,
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S12, S13, S14, S15, S16, S17, S18 for the presented near field focused antenna array
are also compared in Figure 6-38. This indicates the level of mutual coupling between
the array’s active elements which is acceptable for maintaining the near field focusing

properties of the proposed NFF applicator.
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Figure 6-37. Reflection coefficient of the port 1 and 2 of the proposed NFF array: Calculated using
Complex human body model vs Measured using experimental phantom.
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Figure 6-38. Power received at six receiver ports.
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The average temperature distribution reaches to its maximum of 44.5 °C at depth
of 30 mm when the duration of the heating time was set to 60 minutes. The room
temperature set to 15 °C whereas the initial phantom temperature phantom increased
to 37 °C using microwave oven a few seconds before conducting the experiment. The
measured average temperature is 1 °C less than prediction (using calculations results).
This is due to the feeding network loss and the difference between the dielectric
properties of numerical and experimental phantoms. To make sure that the
surrounding tissue is safe (the size of the hot spot is not greater than 15 x 15 mm), I
have measured the temperature rise on the 15 mm boundaries and 5 mm away from
the boundaries as shown in Figure 6-34 (in green color). My investigation shows that
the surrounding temperature remains less than 42 °C after exposing the RF energy to
the experimental phantom for 60 minutes. The exposing time and the total input power
for the array must be controlled to prevent heating cells over 47 °C for safety of healthy

tissue.

The proposed radiating NFF antenna array can deposit the electromagnetic
energy deep inside the human tissue in a small desired area. The presented NI-LMH
system is smaller and more efficient (consume less power) compare to systems
presented in the literature [206, 207]. The blood flow may reduce the temperature raise
inside the tumor, however, this would be easily compensated by increasing the

applicator input power slightly.

Another benefit of the proposed NI-LMH system is that all the designed
eight/nine element array can be connect easily to the system prototype only by
connecting the desired array to the coaxial feeding cables. Here, I have also fabricated
the “Outer Circular & Inner Square” without parasitic element as shown in Figure

6-29a. The temperature rise measurement is configured in four stages illustrated in
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Figure 6-32. The signal generator delivers a low-power (10 dBm) continuous RF
signal at 2450 MHz. The signal then transmitted into feeding network including power
divider and amplifier. The signals are then used to excite the NFF antenna array
immersed inside the coupling bolus. The applicator transmits the electromagnetic

energy to the experimental mimicking phantom with an excitation power of 30 dBm.

Figure 6-39. Printed NFF antenna array prototype: a) Top view and b) Bottom view.

The one layer equivalent experimental phantom is the same as the one that [ used
in pervious experiment. The coupling bolus is also the same with 15 mm thickness
placed close by the experimental phantom. The configuration of the temperature
measurement set up and the NFF antenna array prototype printed on FR4 substrate
(top view and bottom view) are shown in Figure 6-36 and Figure 6-39 respectively.
The thermal information at depth of 3 cm from the phantom surface has been observed
at nine different points (in red color) on x-y plane as shown in Figure 6-34. The

temperature rise has been measured using optical thermometer device.

The average temperature distribution reaches to its maximum of 44 °C at depth
of 30 mm when the duration of the heating time was set to 60 minutes. The measured

average temperature is 1 °C less than prediction (using calculations results). This is
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mainly due to the feeding network loss and the difference between the dielectric
properties of numerical and experimental phantoms. To verify the size of the hot spot,
should be smaller than 15 x 15 mm, I have measured the temperature rise on the 15
mm boundaries and 5 mm away from the boundaries as shown in Figure 6-34 (in green
color). My investigation shows that the surrounding temperature reaches to 42 °C after
exposing the RF energy to the experimental phantom for 60 minutes. This shows that
the focusing area is slightly bigger than 15 x 15 mm. I concluded that the performance
of this array is similar to the proposed array with parasitic element. However, the
parasitic element at the center of the array helps to focus on smaller targets more

precisely.
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F i'ure 6-0. Printed NFF antenna array prototype: a) Top view and b) B&bﬁlew.

I have also fabricated the “Outer Square & Inner Circular arrangement” without
parasitic element as shown in Figure 6-27a. The proposed NI-LMH system prototype
is the same as the one used for the above measurement. It consists of a signal generator,
a low noise amplifier (LNA), an eight-channel power divider, coax phase shifters and
eight elements NFF array. The temperature rise measurement is configured in four

stages illustrated in Figure 6-32. The signal generator delivers a low-power (10 dBm)
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continuous RF signal at 2450 MHz. The CW signal then amplified with a broadband
LNA amplifier (Minicircuits Zx60-83LN+) generating +30 dBm power. The signal
then transmitted into the array radiating-elements through power divider and coaxial

feeding cables.

The coupling bolus, placed close by the experimental phantom, is the same as
the one I used in my experiments with 15 mm thickness. The one layer equivalent
experimental phantom is also the same as used in the pervious experiment. The
configuration of the temperature measurement set up and the NFF antenna array
prototype printed on FR4 substrate (top view and bottom view) are shown in Figure
6-36 and Figure 6-40 respectively. The temperature rise has been measured using
optical thermometer device. The thermal information at depth of 3 cm from the
phantom surface has been observed at nine different points (in red color) on x-y plane

as shown in Figure 6-34.

The average temperature distribution reaches to its maximum of 43.5 °C at depth
of 30 mm when the duration of the heating time was set to 60 minutes. The measured
average temperature is 1.2 °C less than prediction (using calculations results). This is
mainly due to the feeding network loss and the difference between the dielectric
properties of numerical and experimental phantoms. To validate the calculation
results, I have measured the temperature rise on the 15 mm boundaries and 5 mm away

from the boundaries as shown in Figure 6-34 (in green color).

My investigation shows that after exposing the RF energy to the experimental
phantom for 60 minutes, the reading on the left boundaries are higher than the reading
on the right side, indicating possible extra hot spot on the left side the desired hot spot.

This undesired hot spot was also found in calculations using numerical mimicking
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phantom as shown in Figure 6-28. As predicted, the surrounding temperature remains
less than 42 °C for the right side of the reading area. The exposing time and the total
input power for the array must be controlled to prevent heating cells over 47 °C for

safety of healthy tissue.

6.7 Discussion

The 5 x 5 NFF planar array for non-invasive hyperthermia is proposed to heat
the target between 43 °C and 47 °C within a small spot area. The target depth is defined
between 2 to 5 cm form the skin surface. The planar type array inside the coupling
water based bolus can be attached on the surface of the human body and has a compact
size of 8 x 8 cm (bolus size is 13 x 13 cm). The penetration depth and enhancement
of non-invasive EM antenna hyperthermia is discussed. The temperature distribution
is shown to verify the feasibility of the effective heating treatment. The challenges for
advance antenna design in such application include effective coupling and penetration
into heterogeneous lossy body tissues, operating in the antenna near field, and control
of three dimensional power deposition patterns for heating target regions is considered

during the design procedure.

To simplify the feeding network and reduce the system cost, I have also
introduced different configuration for the NFF array that consists of eight active
elements, | have verified their performance using numerical accurate human body
model. The proposed ‘Outer Circle and Inner Square’ arrangement satisfies the entire
requirements needed for the system and able to focus on small targets with a size of

15 x 15 mm, it has an effective penetration depth up to 50 mm. This configuration has
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the advantage of excellent size reduction of 50% compared with the 25 elements array

reported in this work and occupies a volume of 4.1 cm? (78.8 cm? including bolus).
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CHAPTER - 07

7. CONCLUSION AND FUTURE WORK

7.1 Conclusion

The final chapter of this dissertation highlights the research findings of this
study and summaries the discussions of each chapter. Initially, a recap of the ideas and
their main advantage in each chapter is presented. This is followed by the
demonstration of important findings and overview of the scientific contributions made
in this work. Finally, a list of recommendations is provided for the potential future

work to continue this study.

To extend the communication range, reduce the system size and use of prevalent
components, this work tackled the far field data biotelemetry from inside the human
body along with nearfield EM energy focusing within the body. The applications
included but not limited to the wireless capsule endoscopy, cardiac care, vital signals
monitoring from inside the human body (i.e. heart rate, glucose, temperature and
pressure), thermal therapy etc. which are facilitated by different implantable and
wearable devices. Taking into account an extensive range of medical and technical
concerns, the focus has been concentrated on the implantable and body worn antennas,
one of the most challenging components of an embedded systems targeting wireless

data transmission.
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The design of embedded microsystems is extremely challenging and comprises
the integration of different compact components. While most of the components can
be efficient for compact sizes, the antenna size miniaturization causes degradation of
antenna radiation performance. Therefore, new geometries and techniques are
proposed in this dissertation to tackle the contradictory conditions. In addition to the
conventional antenna problems, such as physical size miniaturization and its
consequent degrading the antenna radiation performance, I have also considered the
coupling of the electromagnetic field with different human biological lossy tissues.
Moreover, biocompatibility, physical and electrical requirements, and the confine co-
existence in the presence of all other components in an entire microsystem have also
been considered. The main contributions and major findings in this regard have been

discussed in each chapter of this dissertation which are summarized as:

1. New class of miniaturized Dual Slot PIFAs of the following characteristics is

developed in Chapter 3 for implantable biotelemetry devices:

- Simple geometry which is easy to tune for operating over a variety of

biotelemetry bands.
- Wide impedance bandwidth.
- Higher radiation efficiency.
- Suitable to be integrated with small implants.
- Low profile and light weight.

In spite of the fact that some of these circumstances are contradictory, they all
are satisfied due to the superior antenna structure design which enables easy tuning

and excellent radiation performance. Using presented tuning techniques, my proposed
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simple geometry can be simply modified to operate over different biotelemetry bands
such as Medical Implant Communication Service (MICS) at 400 MHz, Zigbee at 868
MHz, Wireless Medical Telemetry Service (WMTS) band at 1430 MHz and
Industrial, Scientific, and Medical (ISM) band at 2450 MHz. By embedding dual slots
onto the antenna geometry, the current path on the top patch can be lengthened so that
lowering the antenna resonant frequency, this feature is used to miniaturize antenna
structure size. While miniaturized implantable antennas are presented in the literature
[33, 49, 66, 120], the proposed DS-PIFAs in Chapter 3 of this thesis outperform them.
This has been achieved since the proposed DS PIFAs are optimized through a three-
step design methodology for miniaturization leads to a wider impedance bandwidth,
larger radiation efficiency and robustness in the anatomical body model. To enable
low profile and reduce the overall weight of DS-PIFAs, light conducting and dielectric

materials, such as FR4 or on Rogers 3210, has been employed.

I have also investigated the effect of the antenna geometry parameters on
radiation performance using empirical parametric studies to miniaturize the DS-PIFA
structure physical size. To validate the DS-PIFA radiation performance in more
realistic tissue environment, I have considered the effects of interstitial fluid and air
gap between the human body skin and the antenna when it is implanted. This has not
been reported in pervious major studies in the literature [33-36, 55, 58]. Furthermore,
the effects of the surrounding environment such as skin and fat thickness on the
antenna performance are also investigated using numerical human tissue phantoms to
verify antenna performance robustness when embedded in human body of different

shape and size.

The average radiation efficiency reported in the literature [38, 45-48, 56, 57] for

implantable antennas, operating in different biotelemetry bands and using different
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miniaturization techniques, is less than 1%. For proposed DS-PIFAs, minimum
radiation efficiency of 2.6% (1.8% when printed on Rogers 3210) achieved since I
could successfully keep the radiation resistance dominant compare to the loss
resistance over the antenna structure by adjusting the antenna size and the feeding

position to keep the surface current flows uniformly over the radiator.

The impedance characteristics of the proposed antennas are measured using
experimental tissue mimicking meat phantoms. Moreover, I have employed bio heat
equations and optical fibre thermal sensors to establish an indirect thermal method to
calculate the SAR inside the human body when the antenna is implanted, using this
method and employing human body mimicking experimental meat phantom, I verified
SAR simulations results. My statistical pass loss and link budget analysis also reveals
the feasibility of reliable wireless communication link up to distance of 8 meters using
the proposed 2450 MHz DS-PIFA. Proposed miniaturized DS-PIFAs, compare to
pervious work reported in the literature [45-49, 56-59], exhibit smaller size, better
radiation efficiency, lower standard SAR, and wider impedance bandwidth suitable

for biomedical implant communications.

2. The study performed in the framework of this dissertation targets to facilitate
the use of telemedicine employing wireless embedded microsystems. In Chapter 4, for
the first time, a set of compatible transmitter and receiver antennas are proposed for

the wireless capsule endoscopy systems, the proposed Tx novel antenna features:
- Printable simple structure which is easy to miniaturize and tune.
- Very wide impedance bandwidth.

- Higher radiation efficiency.
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- Low profile and light weight.

- Suitable to be integrated with wireless capsule device.
the proposed Rx base station antenna features:

- Printable simple PIFA structure occupying small volume.
- Circular Polarization radiation over the operational band.
- Wide impedance bandwidth.

- Higher radiation efficiency.

- Low profile and lightweight.

The performed investigations in Chapter 4 provides a better understanding of
the radiation characteristics of embedded antennas for wireless capsule endoscopy
systems, and led to the realization of a CP body-worn array and compact a Tx antenna
for far field data telemetry. Realizing such a transmitter and receiver antennas,
providing a more reliable communication link, required the study of several aspects of
an entire wireless implantable system for healthcare monitoring applications. The pair
of proposed highly performance Tx-Rx antennas was used to study the influence of
the human body tissues on electromagnetic wave propagation and in-body/on-body
communication link performance when the Tx antenna placed in different locations
inside the GI tract with different orientations. Such investigations are very important

wireless capsule endoscopy system design and contribute to the following:

A printed loop antenna with bandwidth enhancement is presented for ingestible
wireless capsule endoscopy systems operating over the MICS band. First, tuning
elements added to the single turn loop antenna to minimize the loop length and bring
in a second resonance. Then, matching elements introduced and connected to the

feeding port to achieve better impedance matching. The radiator then folded and
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printed on FR4 to further size reduction and fitting in the capsule compartment. The
printed antenna occupies 40% lower space, a very small volume of 160mm?>, and has
a bandwidth enhancement of 200%. To verify the antenna performance, measurements
are carried out using experimental phantom, the result turns out that the impedance
characteristics of the proposed antenna can be achieved. Furthermore, SAR
measurements conducted successfully by employing optical fiber sensors and indirect
thermal method. The proposed loop antenna exhibit smaller size, wider impedance

bandwidth, and lower SAR compare to pervious work reported in literature [70-72].

Moreover, a compact CP-PIFA is also presented as receiving base station
antenna for wireless capsule endoscopy systems. The antenna covers MICS band fully,
has a compact size and circular polarization to enhance the low-level signal reception.
The radiator structure has been miniaturized, has a low profile and occupies a very
small volume. The proposed antenna has good impedance bandwidth, improved
radiation efficiency and low SAR when performing close to the human body. The
presented geometry, is capable to resonate at desired frequency bands when structure
size is modified and shorting point location is adjusted. The antenna has also been
employed in a conformal array close to human body to communicate with the wireless
capsule inside the body, the received signals could also be used for estimation of the
capsule position inside the human body using advance localization methods. The Tx
antenna inside the capsule normally has liner polarization, the orientation of the
wireless capsule also changes frequently while traveling inside the digestive system,
so that, employing CP receiver elements improves the overall system performance by
detecting linearly polarized transmitted signals with different orientations. To verify
the single antenna and array performance, measurements are carried out using
experimental phantom, the result turns out that the CP and impedance characteristics

249



CONCLUSION

of the proposed antenna and array configuration can be achieved. I have also evaluated
the calculated Specific Absorption Rate (SAR) by using an indirect thermal method to

measure the SAR inside the mimicking phantom.

Moreover, I presented an empirical PL model for homogeneous and
heterogeneous human tissues using numerical phantom and equivalent experimental
model. I employed proposed printed folded co-planar loop antenna as transmitter and
compact CP-PIFA as receiving sensor in array of six Rx antennas. The relative
permittivity &r has a variation of 5 < & < 75 for different tissues and the conductivity
o varies from 0.3 S/m < ¢ < 3.5 S/m when calculations are carried out for 400 MHz
MICS band, the Tx and Rx have a separation distance up to 260 mm. To validate the
calculations with measurement, array of six CP-PIFAs and a meat phantom with
approximate size of 400 x 260 x 400 mm were employed. To examine the robustness
of the designed Tx antenna and the accuracy of the developed path loss, the orientation
of the capsule shifted by 90° while the orientation of the Rx antennas are fixed. [ have
observed the new results show a good agreement with previous ones. This shows that
the functioning of the transmitter antenna is not affected by its orientation and
receiving antennas are able to establish a communication link with the wireless
capsule. This was also verified for a couple of different positions of the capsule within

the numerical and experimental phantom.

3. The proposed head implantable antennas in chapter 5 of this dissertation could
be employed for different biomedical applications such as integration in ICP monitors,
trackers for patients with Alzheimer’s disease, brain wave sensors for paralyzed

patients.
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The key contributions of this work, in Chapter 5, are:

1. Proposing new category of miniaturized Single Slot PIFAs of the following
characteristics:
- Simple geometry which is easy to tune to operate over a variety of
biotelemetry bands.
- Higher radiation efficiency.
- Suitable to be integrated with small head implants.
- Low profile and light weight.

2. Development of multiband miniaturized SS-PIFA, for the embedded

biotelemetry devices, having:

- Simple geometry which is easy to tune to operate over multiple biotelemetry

bands.

- Good radiation efficiency over multiple biotelemetry bands.

- Wide impedance bandwidth over multiple biotelemetry bands.

- Printable simple structure which is easy to miniaturize and tune.

3. Development of a very wideband compact loop antenna featuring:
- Very wideband impedance bandwidth.
- Round shape oval loop antenna structure.
- Suitable to be implanted inside the human head.

- Printable antenna geometry occupying small volume.

Chapter 5 of this dissertation describes the design and methods proposed in this study
to monitor the critical vital signs inside the human head such as ICP for biotelemetry
applications. During the neurosurgical procedure, a compact intracranial pressure

monitoring device can be implanted inside the cranium to facilitate future ICP
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measurement. A key component of this is the antenna which facilitate the wireless
communication for the device. I have investigated and quantified new effective
parameters such as operational frequency, complex surrounding environment and
antenna geometry on overall antenna radiating performance along with numerical and
experimental results. Such investigations are very important and contribute to the

following:

Confirm the excellence of the communication link with an external antenna.

- Identifying the effective radiated power (ERP) through a scalp-mimicking
phantom using the transmission measurements.

- Provide valuable insight into the accurate evaluation and validation of the
embedded antennas inside the anatomical human body head model.

- Variation of resonance frequency, transmission and reflection coefficients

over the time, temperature and device orientation during the surgery process.

In Chapter 5, I have used a simple geometry to propose a class of miniaturized
SS-PIFAs, suitable for scalp implantable devices, which can operate over a variety of
standard biomedical frequency bands such as MICS band, Zigbee, WMTS band and
ISM band. Compare to the PIFA type antenna presented in [35], useful for intracranial
pressure monitoring systems resonating at 2450 MHz, my proposed SS-PIFA occupies
25% less volume when tuned to resonate at the same center frequency of 2450 MHz.
To miniaturize the antenna size, I have conducted detailed parametric study and
investigated the effects of each geometrical parameter of the SS-PIFA on the resonant
frequency. Further size reduction of 92% for antenna covering ISM band, 89% for
antenna covering WMTS band, 86% for antenna covering ZigBee and 60% for antenna
covering MICS band achieved by reducing the lengths of the slots and placing the feed

and the pin at proper locations.
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Beside electrical size miniaturization, regardless of the operating frequency,
head implantable antenna design has to deal with major challenges such as bandwidth
enhancement and improved radiation performance. The communication link
performance of a small loop antenna operating at MICS band is characterized when
placed under the scalp for ICP monitoring [93], however, the calculated radiation
efficiency is lower in comparison with my proposed miniaturized antenna.
Furthermore, the previously reported [94] head implantable short dipole and loop
antennas, operating at different frequency bands, shows smaller impedance bandwidth

when compared to my proposed PIFA type head implantable antennas.

In general, due to the high dielectric loss, caused by the human body, the total
radiation efficiency of the implanted antennas decrease. On the other hand, for the
head implantable antennas, the overall structure size has to have a small size. The
smaller size and lower efficiencies coupled with lower radiation power can lead to a
shorter communication range. I could successfully overcome these issues using the
slot and an additional shorting pin. The open slot on the proposed SS-PIFA geometry
extends the current path to enhance the antenna size miniaturization and increasing the
electric size of the antenna. The larger electric dimension leads to a wider bandwidth
and higher gain. For the proposed SS-PIFAs, the lower resonant frequency is mainly
due to the current distribution around the slot which is affected by the feed position.
Compare to the previous studies reported in the literature [91-92], the proposed SS-
PIFAs exhibit smaller size, good efficiency, standard SAR, and reasonable bandwidth
suitable for biomedical head implant applications. For instance, the presented antenna
resonating at 2450 MHz has 190 MHz measured bandwidth, good radiation efficiency
of 1.8%, a compact size of 5 x 7 mm? and occupies a volume of 56 mm?®. I have also
employed bio heat equations and optical fibre thermal sensors to establish an indirect
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method to do SAR measurement for implantable antennas and verify related SAR

calculation.

I have also presented a triple band Single Slot PIFA of size 19 x 30 mm for
implantable biomedical applications in Chapter 5. The antenna can cover three bands
viz., ISM band (2450 MHz), WMTS band (1427-1432 MHz) and MICS band (433—
434 MHz). The antenna could be employed for multiple bandwidths applications
which enable the functionalities of power saving and wireless power transfer. To
verify the antenna performance in different part of the human body, I employed
complex human body numerical tissue phantom and immersed the miniaturized triple-
band SS-PIFA inside the mimicking phantom. The proposed DS-PIFA performed well
in those locations and could cover the MICS, WMTS and ISM bands fully with a good
impedance bandwidth margin. The design of highly compact antenna, operating over
multiple biotelemetry bands, either printed on FR4 or on Rogers 3210 substrate is
offered to enable low profile and reduce the overall antenna weight using light
conducting and dielectric materials. The measured performance was obtained using a
pork skin experimental phantom to validate the calculated results. The proposed
implantable triple-band antenna exhibits good radiation efficiency, wide impedance

matching, smaller size, low profile and lightweight.

Moreover, a very wideband compact head implantable antenna is also proposed
in Chapter 5 to satisfy the wideband antenna requirement for scalp embedded
healthcare monitoring systems. I have designed and fabricated a compact folded oval
loop antenna covering MICS band up to 1 GHz. Two tunning strips connected to the
oval loop are employed to excite a new resonance beside the antenna main resonance,
leads to bandwidth enhancement of 200%. It is also possible to fabricate the antenna

in 2D using air substrate or printed on dielectric materials. When the available room
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in embedded device is limited the antenna could be folded to shape a 3D geometry for
occupying minimum area. Moreover, the round shape of the proposed antenna helps

to avoid vertexes that could cause tissue injuries.

4. In Chapter 6, I investigated design, modelling, fabrication and measurements
of practical non-invasive hyperthermia applicator systems capable of effectively
heating up the superficial as well as deep-seated cancerous cells without harming

surrounding normal tissues. In this regard, the highlighting of this work is on:

Design and evaluation of several antenna arrays with different configuration

and number of elements performing near field focus radiation.

- Proposing NFF arrays able to focus on small spot inside the human body at
different depth.

- Maximizing the power deposition at a prescribed spot to heat the unhealthy
biological tissue by employing focusing optimization technique.

- Fabrication of system prototype to conduct the experimental work for
selected NFF arrays.

- Conducting the four-stage temperature rise measurement in experimental

phantom to investigate the applicator focusing properties.

In this work to conduct the electromagnetic energy deposition in prescribed
region, I have employed nearfield focused antenna technology. NF focused antennas
can be realized by pyramidal or conical horns with a focalizing lens in front of the
antenna aperture, but usually they are heavy, bulky and expensive [187-190].
Alternative solutions are based on either reflector antennas or Fresnel Zone antennas

[187, 188], however, they have non-planar structure not suitable for patient anatomy.
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To overcome these issues, planar microstrip arrays featuring low cost, lightweight and
low profile could be employed for NF focused applicators. My proposed system
consists of simple and inexpensive components and employ introduced easy to
fabricate array elements for an improved radiation efficiency and a practical approach.
I presented a planar antenna array for non-invasive microwave hyperthermia
applications. The proposed near field focused (NFF) array covers ISM 2.45 GHz and
consists of 25 miniaturized DS-PIFAs. The array is immersed inside a coupling bolus
occupying a volume of 8.3 cm? (152 cm?® including bolus). The proposed NFF array,
outperforming pervious work reported in the literature [117, 192-195], can focus on
small target with a size of 10 X 10 mm and has an effective penetration depth up to 55
mm and generates minimum number of adverse hot regions to protect normal cells
from generated artificial heat. The presented array has a compact size of 72 x 72 x 1.6
mm, so that the system size would be small and easy to fit to contoured patient

anatomy.

To study how the array configuration and size, in term of number of elements,
could enhance the focusing performance effect, first, I designed a four element linear
array in the rectangular coordinate which could not focus on small area due to its lower
directivity. Therefore, a circular array with a sixteen elements has been designed,
however, my calculations indicate that circular array could not focus on the tumor
precisely at lower depth inside the body. Consequently, I employed the square
configuration to investigate its performance when using a similar and same number of
radiating elements. The sixteen elements NFF square array is able to focus on single
and smaller area compare to the sixteen elements NFF circular array. The array

performance comparison between the proposed 4 x 4 and 5 x 5 rectangular arrays
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revealed that for the same focal distance, the 5 X 5 array could enhanced the focusing

properties significantly, however, its feeding network is more complicated.

To simplify the feeding network of the applicator and reduce the system cost, I
designed twelve NFF planar arrays with different configuration consists of eight active
elements and verified their performance using numerical accurate human body model.
Here, the challenges, which I have overcome for the advance antenna array design,
include but not limited to effective coupling and penetration into heterogeneous lossy
body tissues, operating in the antenna near field, and control of three dimensional
power deposition patterns for heating up target regions. The proposed “Outer Circle
and Inner Square” arrangement satisfies the entire requirements needed for the system
and able to focus on small targets with a size of 15 % 15 mm, it has an effective
penetration depth up to 50 mm. Moreover, the introduced applicator also uses the
limited number of miniaturized radiators with the compact size of 8§ x 8 X 1.6 mm to
reduce the applicator size. This configuration has the advantage of excellent size
reduction of 50% compared with the 25 elements array reported in this work and

occupies a volume of 4.1 cm?® (78.8 cm® including bolus).

To maximize the energy deposition at a prescribed area precisely and heat up
the unhealthy biological tissue, I have employed an appropriate optimization method
to determine the excitation distribution for the array antenna elements. This is one of
the most important procedure in the design of the NFF antenna array for medical
applications such as non-invasive microwave hyperthermia. The focusing
optimization technic used to enhance the amplitude and phase distribution of the array
feeding network, could also successfully reduce the number of undesired hot spots by
minimizing the side lobs level. By using this method, the focal distance could be

adjusted in the Fresnel region of the proposed array and the optimal excitation
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distribution for the array elements as well as the maximum power transmission

efficiency for the system can be obtained.

To carry out the experimental work, a system prototype has been built using
different electronics and microwave components. This setup could be used for all of
the proposed arrays to measure the temperature raise inside the experimental meat
phantom and investigate the applicator focusing performance. In order to verify the
impedance characteristic of the proposed I arrays all of the twelve designed has been
fabricated using FR4 substrate. I have reported the measured result on reflection
coefficient and scattering parameters for the selected designs when the proposed near
field focused antenna array immersed inside the coupling bolus and placed close by
inside the experimental phantom. The comparison between measured and calculated
results on scattering parameters show good agreement. Furthermore, I concluded that
the level of mutual coupling between the array’s active elements is small enough to

maintain the near field focusing properties for the proposed NFF applicator.

The temperature rise measurement is configured in four stages as described in
Chapter 6 to verify the feasibility of the effective heating treatment. The average
temperature distribution reaches to its maximum of 44.5 °C at depth of 30 mm when
the duration of the heating time was set to 60 minutes. The proposed radiating NFF
antenna array can deposit the electromagnetic energy deep inside the human tissue in
a small desired area. The presented NI-LMH system is smaller and more efficient

(consume less power) compare to systems presented in the literature [200, 206, 207].
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7.2 Future work

In this dissertation, several aspects relevant to the body-worn and implantable
antennas have been addressed. Additionally, different ideas on how new research work
could be carry out based on the findings of this study, these improvements and open

issues may be considered for further investigations under the following categories:

New materials for antenna structure: Further studies on new materials such
as biodegradable substance and organic based materials for biomedical implantable
antennas should be conducted. The organic based materials show improved
biocompatibility over long term of antenna implantation. On the other hand, the main
advantage of biodegradable antennas and devices, for both patients and surgeons, is
the safely degrading over the time. This will help to avoid additional removal surgery
and can save the cost of the operation. Recently, biodegradable silk have been
proposed for implantable antennas inside the human body, however, much more

designs are still required.

Development of embedded flexible antennas: The introduction of flexible
properties to the embedded antennas add enormous benefits to the implantable
antennas in specific applications such as ocular implants. The bendable antenna could
conform easily to the contour of the body organs, providing larger antenna aperture.
For instance, design of intraocular and extraocular compact antennas is a solid topic
for further studies. The research work may include investigation of antenna placement
as well as different miniaturization techniques. The research work may also cover

investigations on the most appropriate materials which can be employed as the antenna

259



CONCLUSION

substrate and/or superstrate. Furthermore, the effect of bending the antenna structure

on the its radiation performance should be included.

In vivo characterization: The next step for this work is in vivo measurement,
it was unfortunate that during the lifecycle of this project I could not obtain ethics
approval to carry out such an experiment. Even though human body phantoms of
brilliant precision are numerically available to mimic the antenna implantation in
human tissue, the results must be validate before practical realization. In vivo
experiment may include the adoption of rat, hare or pig in place of a human tissue due
to the dielectric properties similarity between them. It is necessary to develop the
entire implantable device since the antenna is fully functional, in a normal operation,
when it is connected to the electronics. This is essential due to the fact that in vivo
experiment is questionable (most improbable) without antenna integration with other
components such as Tx circuit, power and control unit. The realization of fully
implantable device requires a multidisciplinary approach which combine engineering
and medicine. Here, collaboration with a medical team as well as prototyping team is
needed prior the in vivo measurement could be materialized by embedding the entire

device into a living human tissue.
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