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ABSTRACT

Implanted Devices are important components of the Wireless Bazly Metwork (WBAN) as a
promising technology in biotelemetry, e-health care and hypertheplications. The design of
WBAN faces many challenges, suchfesquency band selection, channel modeling, antenna
design, physical layer (PHY) protocol design, medium access control (MAC) grdexign and
power source. This research focuses on the design of implanted antrarasl modeling
between implanted devices and Wireless Power Transfer (WPTinfdanted devices. An
implanted antenna needs to be small while it maintains Spedsorption Rate (SAR) and is
able to cope with the detuning effect due to the electrical prep@&t human body tissues. Most
of the proposed antennas for implanted applications are electric field ant@hitdshave a high
near-zone electric field and, therefore, a high SAR and areigersitthe detuning effect. This
work is devoted to designing a miniaturized magnetic field revatelo overcome the above
limitations. The proposed Electrically Coupled Loop Antenna (ECLA)ahasv electric field in
the near-zone and, therefore, has a small SAR and is lessveetwsithe detuning effect. The
performance of ECLA, channel model between implanted devices usmggéxs (PL) and WPT
for implanted devices are studied inside different human body modets sisiulation software
and validated using experimental work. The study is done at difffexjuency bands: Medical
Implanted Communication Services (MICS) band, Industrial Sciergifid Medical (ISM) band
and 3.5 GHz band using ECLA. It was found that the proposed ECLA hateap®formance
compared to the previous designs of implanted antennas. Based on outhgf\Mii;S band has
the best propagation channel inside the human body model among thedditequency bands.
The maximum PL inside the human body between an implanted antenna and a base station on the
surface is about 90 dB. WPT for implanted devices has been investigated as well, abhdenhas
shown that for a device located at 2 cm inside the human body wititema radius of 1 cm an

efficiency of 63% can be achieved using the proposed ECLA.
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Chapter 1

Introduction

According to the World Health Organization, cardiovascular disezmese around 30% of all
deaths in the world; also, diabetes currently affects around 186mmpkople in the world [1].
So it is important to monitor all the physiological data of hnenan body and send these data
immediately to the hospital or the clinic where these databeitinalyzed and a feedback will be
sent immediately to the users. Using the above technique willtisay@hysicians and patients a
lot of time, will reduce the cost associated with healthcare vatidmprove the quality of
healthcare provided. Wireless technology plays an essentialnraf®st of the modern health
monitoring systems. More specifically, implanted wireless dewvése finding wider application
within this new area of healthcare technology. These sociab@mbmic benefits highlight the
needs for Wireless Body Area Network (WBAN) [2, 3].

1.1 Motivation & Essence of the Work
Currently, patients health information can be collected andvettiemotely and efficiently using
biotelemetry wireless networks such as WBAN [4]. WBANs aspecially promising in
biotelemetry, e-health care and hyperthermia applications. \WBAN can be used in security
services, defense, sports and fitness, entertainments & gachesrasumer electronics. Medical
implanted and wearable devices are major components in WBAN [5-%YicM implanted
devices are typically battery-operated, and once implanted shouldeofueraéveral years on as
little power as possible. The design of WBAN faces many ehgdls, such as frequency band
selection, channel modeling, antenna design, physical layer (PBit6rpl design, medium access
control (MAC) protocol design, power source and energy efficient hardware [6, 15, 16].

This research will focus on the design of implanted antennas, tmaodeling between
implanted devices and Wireless Power Transfer (WPT) for imgdadevices. An implanted

antenna should be heavily miniaturized to fit inside the human body adthe Specific



Absorption Rate (SAR) inside the human body as small as possilpatients’ safety. Also the
implanted antenna should be less sensitive to the detuning effecttiaestectrical properties of
the human body tissues [17]. Most of the proposed antennas for implantedtumdiare electric
field antennas, such as Planner Inverted F Antenna (PIFA) and-stiigy patch antenna, which
have a high electric field and a small magnetic fieldhertear-zone regions [18] and, therefore,
a high SAR value inside human body tissues for small antenng1€ke In this work a
miniaturized magnetic antenna will be designed as an implanteghani® overcome the above
limitation. The proposed Electrically Coupled Loop Antenna (ECLA) |28 a high magnetic
field intensity and a relatively low electric field intensitythe near-zone and, therefore, has a
small SAR and is less sensitive to the detuning effect [21].

The propagation channel, which is measured and studied througtapbyperiments and
simulations, is absolutely critical in successful transcedesign [22]. In the case of medical
implants, physical experiments are extremely difficult if mopossible. Therefore, simulations
are used in most studies. In Chapter 4, Path Loss (PL) betweentedpéantennas, as a measure
of propagation characteristics, will be studied. PL between intgaladevices will be investigated
using our proposed ECLA antenna [20].

Most of the implanted devices are feed using batteries, but the amount of powés timek i
of batteries are challenges that need to be overcome. An altermathod is to use WPT for
implanted devices can play an important role in the modern health nogisystem which will
be considered [23]. WPT for implanted devices using our proposed EQLewdescribed in this

research.

1.2 Background
1.2.1 Wireless Body Area Network (WBAN)

WBAN as shown in Figure 1.1 consists mainly of wireless semsodes, wireless actuator nodes
and wireless personal device. These nodes are placed in staitiehap topology. Wireless
sensor nodes sense the physiological data of the human body andrbkisy of sensor hardware,
a power unit, memory and transmitter or receiver. Wirelessemtnodes act as medicine delivery
and they consist of actuator hardware, power unit and transceivewirghess personal device
collects all information data from sensor and actuator nodes and wuoates it to users; it

consists of a power unit, large processor, large memory and transceiver [16, 24].
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WBAN can be classified into two categories;amdy WBAN and in-body WBAN [25-27].
On-body WBAN refers to a network that has sensales@laced on or near the surface of the
human body, while in-body WBAN refers to a netwtrkt has sensor nodes implanted inside
human body tissues. Wireless transmission in bat&gories is characterized by extremely low
peak power and low duty cycle to extend the lifieetiof the batteries. For implants, low power

and duty cycle also enable the body to safely plidsithe heat generated by the transmitters.

EEG Sensor

1
|
3G/4AG 1
|

Base station
\\ v
MOBILE
()
) S _ WiFi A
EMG'Sensor : . Control Unit 1
Y T I
o ]
I
e I

'@"1,, - ) J
Motion Sensor

Access point

Figure 1.1: WBAN structure and components.

The design challenges of WBAN, such as feagy band selection, antenna design, channel
model, and WPT will be explained in detail in Chapt3, 4, and 5. The other design challenges
will be briefly explained in this section. The cheteristics of the physical layer are different for
WBAN compared to Wireless Sensor Networks (WSNpahoc networks, due to the proximity
of the human body, so in the design of physical(Player protocol, the human body has to be
considered as a dynamic propagation channel [28].

The Radio Frequency (RF) communications BAM has two forms: propagation in the body
and propagation along the body. For wave propagatiside the human body, the body acts as a
communication channel where losses are mainly dwbs$orption of power in the human body

3



tissues. So the Electromagnetic (EM) waves are attenuatedleaisy before reaching the
receiver. This attenuation inside the human body is very high cethpafree space attenuation
as will be studied later. Also the shape of different parts diduhgan body which host the implant
and the location of the implant in that particular part can influeheeradiation pattern and
propagation loss dramatically [29].

The propagation channel along the body can be categorized into Lingt®fISOS) and Non
Line-Of-Sight (NLOS) channels [30, 31]. In the LOS case the auresif the body are not taken
into account where calculations and simulations are performeflan@hantom [32]. In NLOS,
there is no direct link between the transmitter and the recdive EM waves are refracted and
scattered around the body rather than having a direct path througidthg83]. The PL in NLOS
is higher compared to LOS due to diffraction around the body and absoopt large amount of
radiated power by the body. Besides the propagation of radio wavesalseesearches have
investigated the possibility to transfer data by capacia galvanic coupling, and this is called
Body Coupling Communications (BCC) [34, 35].

The MAC protocol design for WBAN is also a complicated, wherentimber of MAC
protocols specifically developed for WBAN are limited. Due toikrities between WSN and
WBAN, it is useful to consider the research in MAC protocolsgiefor WSNs [15, 36-38]. The
MAC protocols have two categories, contention-based and schedule-ba$edH89most
commonly used technique for reducing energy consumption is contentiahMage protocol
[38]. Some implementations of WBAN use Bluetooth (IEEE 802.15.1), but this protocol does not
support multi-hop communication, has complex protocol stack and high energymgatios
compared to other protocols [40]. Most of the current implementatidBANS use ZigBee
(IEEE 802.15.4) as an enabling technology [41-43]. All the proposed MAC pistioc WBAN
are shown in Table 1.1. IEEE 802.15.6 (Not shown in Table 1.1) is developimgucocation
standards optimized for low power devices and operation on, in or around the bhadato
service a variety of applications including medical applications [44-48].

In the network layer, developing an efficient routing protat@/BAN is also a complicated
challenge due to the specific characteristics of wirelsgaronment, such as the available
bandwidth, is limited, and the nodes that form the network can be vergdeteous in term of
available energy or computing power. The proposed network protocols for WSNs are btg suita

for WBAN because in many cases, the network is consideredtia @he but the WBAN has



heterogeneous mobile devices with stringent real time regeitenue to the sensor actuator
communication [49-51]. The proposed network layer protocols for WBARearperature routing
protocols and cluster based routing protocols [52, 53].

In the design of WBAN, data rates are considered to lmepontant issue. Due to the strong
heterogeneous nature of the applications, data rates will vanghkt, ranging from simple data
at a few Kbits/s to video stream of several Mbits/s. Dataaiso be sent in bursts, which means
that it is sent at a higher data rate during the bursts [54]. The reliabilitg dbta transmission is
provided in terms of necessary Bit Error Rate (BER), whiclsexl as a measure for the number
of lost packets and indication of channel quality [55]. For medical devices, the itglidddends

on data rate; low data rate devices can cope with high BER and vice versa.

Table 1.1: Current standards for on-body and implanted WBANSs

Standard Frequency bands
MICS 402-405 MHz
|IEEE 802.15.4 868 MHz Europe and 915MHz(US)/2.4 GHz
IEEE 802.15.4a 250-750 KHz and 3.1-5 GHz-6-10.6 GHz
UuwB 3.1-10.6 GHz
WMTS 608-1395 MHz and 1400-1427 MHz
IEEE 802.11 a/bl/g 2.4 GHz

Energy consumption is an important factor in the design of WBABKgy consumption can
be divided into three domains: sensing, wireless communications andrdatssing. The
wireless communication has the most power consumption. The power availadch node is
often restricted by power generated by the attached lesti&®]. The life time of a node for a
given battery capacity can be enhanced by saving energy duriogetaion of the system. If the
scavenged energy is larger than the average consumed energysgstemacould run internally.
A combination of lower energy consumption and energy scavengihg igptimal solution for
achieving autonomous WBAN [57, 58].

Proper Quality of Service (QoS) handling is an important pateirframe work of risks
associated with medical applications [59]. A critical issubegeliability of transmission in order
to guarantee that the monitored data is received correctly byetlith care professionally. The
reliability can be considered either end to end or per link. Thebrlktly of the network directly



affects the quality of patient monitoring and in the worst case scenario it taalbe regards to
detecting a life-threaten event.

Usability is also an important issue for WBAN. In most cX¥8BAN, will be set up in a
hospital by medical staff and not by engineers. Consequently, therkethould be capable of
configuring and maintaining itself automatically.

Another important factor in the design of WBAN, is the secunitiypivacy of the network.
The communication of health related information between sensasWWBAN and over the
internet to servers is strictly private and confidential amoukl be encrypted to protect the
patient’s privacy [60, 61].

In conclusion, WBAN is carried globally by their users, henedesirable that WBAN
radio frequency must be worldwide. Experimental channel modelingnjolanted or wearable
device is difficult due to the involvement of the human body. Also, ecapiralidation of channel
model is complicated due to the dynamic environment. Antenna desigfBfaN is complicated
due to restriction on antenna size, antenna material which mustnbe rfon-corrosive and
biocompatible”, shape of the antenna, and hostile RF environment. PHYplayecol design
requires minimizing power consumption without compromising the fid&gANSs are intended
to support life-saving medical applications, hence, safety, QoS, iyeand reliability are

important for MAC protocol design.

1.2.2 Frequency Bands

In WBANS, the frequency bands have two groups, implanted (in-body) application guop-a
body application group as shown in Table 1.2 [62]. According to Federal Goitettion
Commissions (FCC) and European Radio- communication Commissions,(ERG)ommon
frequency bands approved for implanted and wearable antennas carsdigedlanto two
categories, Ultra Wide Band (UWB) (3.1-10 GHz) applicationsl &arrow Band (NB)
applications, such as Medical Implanted Communication Service (Mid@&d (402-405 MHZz)
and Industrial Scientific and Medical (ISM) band (2.45-2.5 GHz). Ekeiver on NB systems
requires power hungry devices as Voltage Controlled OscillataZz©gY, Phase Locked Loops
(PLL) and Analog to Digital Converter (ADCs). Also their paveensumption does not scale
down with data rates [63-66]. The UWB communications for implantedegis a new topic and

can be an interesting candidate for providing high data rate wedranthe future implantable



applications. Using UWB, the most complexity is in the receivar allows the realization of an
ultra-low power complex transmitter in the uplink (from implanted c&¥o outside controller)
[67-76]. The hardware simplicity of UWB transmitter offers gogential for low cost and highly
integrated solutions. Due to high loss of the body tissues and thealmsmitted power, the signal
strength at the receiver becomes important to achieve high atataransmission, thus the
strategies to optimize the UWB communication link quality arportant. The MICS band has
relatively low power loss inside human body and is able to tramsnotv data rate even though
it needs a large antenna size [77]. On the other hand, the UWéBnsyare able to transmit high
data rates with small antenna but have high propagation loss instdene body. Although far-
field communication using MICS band radio is increasing mobility gatd rate. The stringent
transmitted power regulation imposed by FCC is the main obdtadlee construction of the
healthcare networks which need to cover at least a 10 m comnmomicatge around the patients.
As the MICS band is shared with metrological and earth exploratteilites, the Effective
Isotropic Radiated Power (EIRP) is limited to -16 dBm to gdeeman-interference with the
primary users. The low emission power experiences huge propagatitiréasgh the air channel

and conductive human tissues.

Table 1.2: List of frequency bands for WBANs

WBANS Frequency Bands
Implants 402-405 MHz(MICS)
On-body 13.5 MHz
On-body 5.5 MHz
On-body 400 MHz
On-body 600 MHz
On-body 900 MHz
On-body 2.4-2.5 GHz(ISM)
On-body 3.1-10.6 GHz(UWB)

1.2.3 Specific Absorption Rate (SAR)
Specific Absorption Rate (SAR) is a measure for Electrontag(EM) Energy absorbed by
biological tissues mass when exposed to radiating devices. SAR can be easd3&}:

oE2 J?

SAR=2=2 -1 (1.1)
p 2p 2p0



where,P is the power loss density (WHRE is the electric field strength (V/m),is the current

density (A/n?), p is the mass density (KgArando is the conductivity (S/m). SAR can be defined

in many terms as shown in Figure 1.2 [79].

* Point SAR: local SAR without mass or volume avenggi

» Total SAR: total power loss in the whole lossy stawe divided by its total mass.

* Mass averaged SAR: for each point SAR, a cube avillefined mass (1 g or 10 g) is found,
the power loss density is integrated over this @rimkthen the integrated power loss is divided
by the cube mass.

* Volume averaged SAR: the same as mass averaged®AdR fixed volume.

According to the FCC and ERC, the maximum limitsS&R averaged over 1 g and 10 g of tissue

mass is 1.6 and 2 W/kg respectively [80, 81].

_ Point SAR

- =

—~ Mass Averaged SAR

-

_ Volume Averaged SAR

- =

Figure 1.2: SAR types inside the human body.

1.2.4 Path Loss (PL)

An important factor in the development of WBAN Isetestimation of PL in, on, or around the
body. To estimate PL, this requires detailed cheretic of EM waves propagation in, on, or
around the human body. We use the following dedinifor PL [82]-,

pL = Lrec. (1.2)

Ptrans



whereP,.. and P...,s are the receiving and transmitting power respectively. FBAN/ PL is
often defined in term of scattering parameters)(®hich includes the antenna loss as well,

because it is easy to measure, so PL in dB can be expressed as [83, 84]:
PL(dB) = —|S21las (1.3)

PL for WBAN depends mainly on the distance between transmiltenegeiver, shadowing, which
is a random variation in received power caused by obstruction, angattultading, which is a
random variation in received power caused by sometimes constructive and sendestngctive
vector combination of electric field of reflected and refragtaths. In WBAN, the two types of
random power fluctuation can not be easily distinguished because tHenggliés relatively long
and the body parts that cause shadowing have size in order of wavelength.

Many theoretical and measurement based studies presentedatulds have shown that the
average received signal decreases logarithmically withndist@l) and the average PL will be

expressed as [85]
PL(dB) (di)" d>d, (1.4)
0

wheren is the PL exponent andi, is the reference distance. The variations in PL exponent at
different frequency bands are caused by the increase in absdrpm human body tissues. The
PL observed at any given point will deviate from this averagigevdue to the variation in the
environment. This variation has been shown to follow logarithmic normtibditon, therefore

the average PL can be expressed as:
PL(dB) = PL(d,) + 10nlog di + X (1.5)
0

X5 is the zero mean Gaussian distribution random variable with staddwiations. The PL

inside the human body can be modeled using power function as [86, 87]:

PL(d) = ad? + a, (1.6)



wherea, b, a, are constants [88]:

1.3 Antenna Design

The antennas used in WBAN are categorized as: implantableeardime antennas. The design
of the implanted antennas for WBAN face many different chgder{89-92], therefore a large
amount of research has been performed for this task. The presigs for implanted antennas
will be summarized as follows: In [89], a dipole antenna and a lowi@dtch antenna with
resonant frequency in MICS band were analyzed inside the human &iadyFinite Difference
Time Domain (FDTD) and Dyadic Green Function (DGF) for immdngapplications. The
radiation performance of the designed antenna was estimatednms ¢ radiation pattern,
radiation efficiency and SAR. A micro-strip patch antenna wagiked as an implantable antenna
in MICS frequency band [92]. The antenna design was used as anggiith the design of
implantable micro-strip patch antenna. In [93], a compact stackedntapla antenna was
designed for biomedical applications in MICS band. The antenna strugdorémprove the
bandwidth and reduce the detuning effect due to electrical propertiesran body tissues. A
small size dual-band, MICS and ISM bands, implantable antenna waseate$or continuous
glucose monitoring [94]. The antenna performance was optimized fobdnds applications. In
[95], a compact-shape with double L-strips PIFA was proposed for mtaple applications in
MICS band. The designed antenna has a broad bandwidth of 80 MHz at resuph 16sdB. A
first prototype of complete implantable device was proposed in Mi€féncy band [18] . In
[96], a 2.5x1.8 cm MICS band antenna combined with electrode was desigriextly channel
communication. An implanted H-shaped cavity slot antenna was proposad iagplantable
antenna for short range communication in ISM band [97]. In [98], a h&idad dipole antenna
was proposed as an implantable antenna in ISM band. The antenna design considers astenna si
power consumption and biocompatibility. A triple-band antenna was proposedtelemetry
application in MICS band and ISM (433 MHz and 2.45 GHz) bands. The desigrdprece
realization and measurement of an implantable radiator for teleapplication in MICS and ISM
bands were proposed [99]. The designed antenna can be used inngeetifignna for wireless
power transmissions. The antenna has a bandwidth of 113 MHz and 70tNH2% band and
ISM band respectively. In [100], a simple helical dipole antennanfiptainted biocompatible
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applications was proposed. The antenna has a gain for 10 m short rangenemation with 113
MHz bandwidth and SAR values less than the standard limitation. An ewendi all patch
antenna design challenges for implantable application was provided fiESdesign and radiation
performance of novel miniaturized antennas for integration in hepthmted medical device
operating in MICS and ISM (433.1-434.8, 868-868.6, 902.8-928 MHz) bands were ineektiga
[101]. The design process of the antenna can be applied to optimizenamntior several
applications. In [102], an implantable UWB antenna in the UWB bandsufpose to be used in
the human head was proposed. Antenna performance is studied using sinadfti@ame. A
helical folded dipole antenna for implanted devices was proposedtfenpmonitoring systems
in UHF band (924 MHz) [103]. The proposed antenna has adequate gain withimak®mission
range with 225 MHz bandwidth. In [104], an implanted compact folded antesamdegigned at
UHF [950-956 MHz]. The proposed antenna has a maximum gain of -23 dBi exoeeds the
link budget margin. Two kinds of design of implant antenna in UWB lamdi{3.4-4.8 GHz)were
proposed for capsule endoscope [105]. The antenna performance was irecestigiaig
simulation and experiment. In [106], the deep investigation of the effdxidy tissue thickness
in the performance of UWB loop antenna was discussed. The antenna sigieedidor the
examination which used in UWB WBAN applications. Most of the previausstigations on
implanted antenna designs suffer from two main problems: a highofaBAR at a small antenna
size and detuning effects due to the dielectric properties aitman body tissues. An Electrically
Coupled Loop Antenna (ECLA) is proposed in this research to tackle the above issues [20].
Apart from the research on implanted antenna for WBAN, adangent of research has been
conducted in the design of wearable antenna for WBAN. This resedidhe summarized as
follows. In [107], a horn shaped self-complementary antenna (HSCAplandr inverted cone
antenna were used to study the propagation channel in UWB for gretinunications. Results
show that the hybrid use of different types of UWB antenna dagieetly improve channel
behavior in body centric wireless network. A novel small sizectdonal antenna based on a
typical slot antenna with an added reflector was designed fékN\B UWB band [108]. Antenna
performance was improved in terms of radiation efficiency AR values. In [109], a textile
antenna was designed as an UWB antenna for WBAN in UWB. Tegigrdeof textile antenna
have been realized: coplanar waveguide feed printed UWB disc monopdldB disc circular

slot antenna. A novel compact micro-strip feed dual band coplanar amt@sndesigned for
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WBAN in (2.4, 5.2, 5.8 GHz) bands [110]. The antenna generates two sepagatant modes to
cover 2.5/5.2/5.8 GHZ bands. In [111], a single feed rectangular rinig xtenna was proposed
for WBAN in ISM band. The robustness of the antenna charactenstic respect to bending was
proven. A printed tapered monopole antenna (PTMA) was investigaté&¢BAaN in UWB band
for on-body applications [112]. The antenna is a good candidate faantagl applications. In
[113], a PIFA with two shielding strips was designed for WBANSM band. The proposed
antenna can be placed very close to nearby conducting elemenssnaithreffect on the antenna
performance. A cavity slot antenna was proposed for on-body comrtionifca WBAN in ISM
band [114]. In [115], an e-textile antenna was proposed for body centlicatipps. The antenna
can be designed in two shapes: conventional micro-strip area andavidemultiple antenna
systems. A wearable button antenna was designed in (2.5 and 5 @hlzpanopole type
radiation pattern [116]. In [117], a miniaturized diversity antenna that had a corobiobRIFA
and top loaded antenna was proposed for WBAN. A new compact planar U\atBhantas
designed for on-body communication in (3-11.2 GHz) range [118]. In [11@ial# light weight
and mechanically robust textile antenna was proposed for dual b@fidesase. A zero order
resonant antenna placed on wrist was proposed for WBAN applicati®@f [In [121], a novel
folded UWB antenna was proposed for WBAN application in (3.1-12 GH&).bha [122], a triple-
band monopole antenna was designed for WBAN in UWB band. The proposed atieievas
a compact size with low profile and can be confined to the human Bodgw easy-to-apply
procedure was proposed for constructing wideband circular polarized ebiioival and
unidirectional square slot antenna was proposed [123]. In [124], a new brdadktile based
PIFA antenna structure was designed for WBAN in (1.8-3 GHzjerahe antenna radiation
characteristics and bandwidth show satisfactory immunity agénes detuning effect when
operates on body. A novel low profile UWB antenna for WBAN applicatias proposed [125].
The antenna has a polarization perpendicular to the body- freeisigafaece, which is interesting
in order to minimize the coupling into the body. In [126], a textileoagtrip topology with UWB
characteristics useful in WBAN was proposed. The antenna desdpces any on-body

degradation, resulting in a very robust structure.
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1.4 Channel Model

To provide a clear understanding of telemetry links between implamtevearable devices and
mobile or base station units located outside of the human body, in-deptisisara wave
attenuation in lossy human body tissues and propagation in the vicinitg dfuman body is
essential. To ensure efficient performance of such a wiréddsmetry system, propagation
channel needs to be characterized and modeled to develop competatiahiellinks including
effect of surrounding environment and antenna. The wireless channdBfiN¥\tan be classified
as: around the body (around), within the body (in-in) and from insideitiside (in-out) channel
models. PL inside the human body can’'t be easily measured in-oivibhesmeasurement and
simulation has to be done in a phantom model. Recently, a considefalidv@$ been devoted
to investigate the propagation channel inside, on and around the human body.efkasch can
be summarized as follows. In [127], the experimental measuremeatemticbmagnetic modeling
of propagation from 418 MHz and 916.5 MHz sources placed inside human wegmzscribed.
A propagation loss model for homogenous tissues bodies was preseite®@® MHz-3 GHz
range [128]. In [30], a channel model for WBAN at 400 MHz, 900 MHz a#hdGHz bands was
derived in the case of around the body channel model. An experinmeetgtigation of UWB on-
body propagation was presented [68]. In [29], a numerical and experinmeistigation to study
the radio channel characteristics of communication link inside ansideuthe body with
transmitter placed in body organ at UHF, MICS and ISM bands weoeluced. The radio wave
propagation around the whole body was investigated by measuringoelagtretic waves near
the torso and derived relevant statistics [129, 130]. In [82],a new empirical PL foodéieless
communication at 2.4 GHz above a flat lossy medium was presentelisnaodel is valid for
dipole antenna. The UWB on-body radio channel modeling using a sub-bdim mBthod and
a model combining the Uniform geometrical Theory of Diffractiod @y and ray trajectory was
presented [69]. In [70], radio wave propagation in the human head wadigated at UWB
frequency using theoretical analysis and measurement. On-body @iiopagchannel
measurement using two micro-strip patch antennas for variois lvere presented and
statistically analyzed [131]. In [35], galvanic coupling was presentegasasing approach for
wireless intra-body communication between on-body sensor. The Hwdgrwas characterized
as a transmission medium for electrical current by means ofemcah simulation and

measurement. The implanted antenna and human body as a mediunel@ssxeommunication
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were discussed over MICS band [132]. In [96], a numerical and expeainvevestigation of
biotelemetry radio channel and wave attenuation in human subjectsingéhted wireless
implants was investigated at UHF, MICS and ISM bands. An asalysiradio channel
characteristics for single and multiple antenna body wornesydbr use in body-to-body
communication was presented at ISM band [133]. In [25], the theoryw#d prapagation near a
surface was reviewed with an eye to gain insight into the messhaninvolved and to provide
analytical based model for power efficient on body propagation. atie wave propagation
between two half wavelength dipole at ISM band, placed near the human body was dliandsse
presented as an application for cross layer design in order to optimize the carexgyption of
different topologies [32]. In [134], the first analytical model of WiA&hannel was presented
using simulation and measurement with a PIFA antenna. The wave propagaVBAN was
analytically modeled as a polarized point source close to anclbipsy dielectric cylinder at 915
MHz and 2.4 GHz bands [22].In [27], the propagation channel for intra-body goiTations
between implanted medical devices using simulation at MICS, #Wml UWB bands was
investigated. A statistical channel model was presented WB ropagation channel inside
human chest in the 1.6 GHz range [135]. In [136], a new challenge irréheo wireless
communication network, which is the need for statistical moderithesg the terminal behavior
to operate under a variety of standards and in a close electromagnetic enviromtudrggby a
variety of disturbance was explored. A statistical model forBJwbpagation channel inside the
human chest was extended in the 1.6 GHz range by including the frgglsgendent attenuation
[137]. In [138, 139] an analytical model for estimating the link losstiier on-body wave
propagation around the torso was presented. The on-body propagation peromesastired
totally wireless with monopole antenna was presented in the 867r&ttge [140]. In [141], a
channel model for time variant multi-link WBAN was proposed. An @at&n on how Norton
waves can be used to analytically model the on-body propagation tfaWBAN in the range
0.4 to 60 GHz [142]. In all the previous works, the propagation channkdre allowed frequency
bands were not investigated. Also in the case of WBAN, the implami&nna plays an important
role in the propagation channel. In this work, the intra and inter-bodygatpa channel inside
the human body models will be investigated using ECLA at the allowed frequemty. ba
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1.5 Overview of the Dissertation

The Dissertation is organized into six chapters. The first chapterdes a brief background of
WBAN and literature review of previous works on implanted antenna hadnel model for
WBAN. Since the present research is principally based on meadredd antenna, Chapter 2
provides a comparison between the performance of ideal elegidle delectric field antenna)
and ideal magnetic dipole (magnetic field antenna) in a logslrum. This comparison is based
on power loss and power radiated inside the lossy medium using titedloemnalysis and
simulation. Chapter 3 describes our proposed ECLA as a magndticafienna. Also, it
investigates the performance of ECLA inside different human baatjels at all the allowed
frequency bands. Chapter 4 discusses the channel models betweenehplatiennas inside
different human body models using our proposed ECLA. Also it provideshémenel model
between implanted and wearable antenna. The channel model is dessrifzedPL. Wireless
Power Transfer (WPT) for implanted devices inside different mubwaly models using square
and circular ECLA will be described in Chapter 5. Chapter 6 summesaand concludes the

dissertation as well as suggesting future work.
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Chapter 2

Electrically Small Antennain a Lossy Medium

In this chapter, the near-field radiation characteristics eftet and magnetic antennas when
surrounded by a lossy dielectric medium are described. This ftudievant for cases such as
implanted antennas, submarine or underground communications where the’'anteanéeld
consists of lossy dielectric media such as human tissues,afsirwgrsaline water. Theoretical
results for both types of small antennas are presented and expsessshow the difference in
stored energy and radiated power in the radian sphere around the ameeforaulated. These
“ideal” results are then validated using simulation results faooenter-feed small dipole and a
small loop antenna as a dual of magnetic dipole. It is found thgietia antennas give much

better performance when surrounded by a lossy dielectric [143].

2.1 Introduction
The study of the near-field of antennas is of great signifeamapplications where the antenna
is located next to or inside a lossy medium because the mediumt@®pan greatly alter the
performance of the antenna while themselves being subject ttsefiech as dielectric heating
and magnetization. This is typically the case for antennagmeauman body [89], soil [144], a
submarine [145], or other lossy medmorder to reduce the time-to-market, an antenna designer
may choose a simple design; however, this choice needs to takemsideration the nature of
the surrounding medium. It will be shown that antenna performance in a lossy mediuectly
linked to whether it has a dominant electric or magnetic fiedensity in the near-zone. This
chapter focuses on the specific case of how antennas in imphaetiéchl devices are affected by
the presence of the human body.

The demand for smart implanted medical devices has been grexgiagentially during the
last few decades [31, 146]. Most modern implanted devices are alleetege commands from

the outside world or relay information from various sensors withitéis¢ body. Thus, it can be

16



seen that implanted antennas will play a significant role irfutuee of healthcare technology.
However, there are many challenges involved in the design of iredlantennas, including but
not limited to: antenna miniaturization, antenna loss due to miniatwrz (structural loss),
radiation loss that manifests itself in the immediate neddal-fenvironmental or near-field loss),
compatibility with the human tissues, detuning, etc. The goal®ttiapter is to investigate losses
that arise inside a conductive medium (such as the human body) dweedinang reactive and
radiating near-field for two main classes of small antennastred antennas and magnetic
antennas.

Previous research by Wheeler [147] , Chu [148], Harrington and others§1#®as focused
on the physical limitations of antennas with regard to siza, daectivity, quality factor, and the
interdependence of these quantities. References [152] and [153] rheestigated antennas
surrounded by a lossy or conducting medium, but with a focus on findingalptalues for
antenna gain and radiation efficiency. To the best of the authors’ knowledge, afdfueeffect
of the surrounding lossy media in the near-field based on the typatefina has not been
conducted before. This issue, with a focus on electrically smtdhaas [154], is addressed at
length in this chapter by computing the power loss and radiated powalectric and magnetic
antennas. Especially in the case of implanted devices, the puatés lost in the near-field goes
into heating human tissues needs to comply with standards set by governmemisagenci

Through analytical expressions and simulations, the case for mageticas will be made
by comparing the power dissipated in the lossy medium and theedhgiawer for electric and
magnetic antennas. In the next section, antenna gain, loss amneneffi particularly for small
antennas in lossy media, will be described. In Section 2.3, dwoeetical work to support our
arguments is presented, followed by simulation results in SectioiCRapter summary will be
provided in Section 2.5.

2.2 Small Antenna Gain, Loss and Efficiency

The electric size of a small antenna is related to itstguaktor based on the fundamental limits
of the antenna [151],

1
Qiossiess = W (2-1)
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wherea is the radius of the smallest sphere enclosing the anterqadf.1) and is the wave
number. The quality factor of a lossy medium (loaded quality factor@lated to the lossless

quality factorQ;,ssiess,» DY the antenna efficieneyas:

Q oaae
Qioaded = (knT)g = 1 = Qoadea * (ka)3 = ~loaded (2-2)

Qlossless

Qioadea Nas an equivalent circuit definition for narrow band antenna whichecaadily measured
as [155],

_ lfu"‘fl
Qloaded - 2 fu—f1 (2-3)

where, f,, and f; are the upper and lower 3dB crossing frequencies of the retwrofidbe
antenna, respectively.

Small antennas converge to either a small electric dipole, titadipele, or a combination
of these two when the electric size of the antenna is muchesitiglh 1 radiarnkia < 1); therefore,
one can assume the directivity of any small antenna approxineaiedys 3/2, which is a directivity
of a small dipole (the dominant far-field spherical modes arerel'E;, or TM,,). Using the
above equation, one can find an approximate value for Gaiand efficiencyn, of a small

antenna by knowing its electric size and 3dB quality factor as,

b= %' 1N = Quoadea * (ka)3 =06 = %Qloaded * (ka)3 (2.4)

Realized Gain of antennas directly effects the total pathnassommunication link. In addition
to polarization mismatch and impedance match, there are threeedtfloss mechanisms that
control the path loss of a communication link: structural loss, ofritenaa, near-field loss and

plane wave path loss.

2.2.1 Structural Loss
The structural loss of an antenna, which is converted to thermiayercan be seen as the ohmic

and dielectric losses of the antenna structure itself regarofi@ghether the antenna is surrounded
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by free space [156], lossy media, or any other type of mediwemHgeare 2.1). Reference [157]
approaches this problem for optimizing maximum gain. Unlike etedlyilarge antennas such as
reflectors, structural loss is an important factor in the overss of electrically small antennas
[147, 154]. These losses can be minimized during the antenna desgrifatagyantenna is made
of a Perfect Electric Conductor, PEC, and perfect dielectatenal, the structural loss of an
antenna can theoretically go to zero. The antenna still mightriegurn loss which is not converted

to further thermal energy. Structural and mismatch losses are not considersdiadii

2.2.2 Near-Field Loss

The reactive near-field of an antenna is strongly coupled toutiient distribution on the antenna
structure. Therefore, any disturbance in the reactive neamitldffect the current distribution
and input impedance of the antenna. If the antenna is surrounded By enbdsrial, the reactive
near-field will contribute to the antenna overall loss. The less@ated with the reactive near-
field of the antenna, which is converted to thermal energy in theusing material, is termed
environmental or near-field loss in this chapter. There are somits bn the amount of thermal
energy generated by an implanted transmitter which are segbigpt@y bodies such as FCC and
ERC which is usually characterized by SAR [158, 159]. The questimwisloes the antenna type
affect the total radiated power for a given antenna size wifiillsatisfying the FCC limits? Results

of an investigation into this problem are studied in this chapter.

2.2.3 Path Loss

It is well known that the radiated fields of any antenna indhedne is a locally plane wave. For
a plane wave, the ratio of electric field to the magnetic feeltictated by the material properties
in the far-field and not the antenna type. However, the ratio of ét#atric field over the total
magnetic field in the reactive near zone of a small antermaarg from a very small number (0
for a magnetic point source at the origin) to a very large nuiiinity for an electric point
source at the origin). Thus, it is clear that the reactive-fieddrof a small antenna can vary
dramatically from one antenna type to another based on the radiaticdmanmsm. Since the
reactive near-field of a small antenna is strongly coupled tarttenna structure, it is beneficial
to define antenna loss in the reactive near zone as an antenna-depewideninental loss which

can be distinguished from the structural loss mentioned above. At e tg@e, one can
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distinguish the near-field environmental loss from the path loss wisically deals with plane
waves (far-field) and will be independent of the antenna type.

(a) (b)

Figure 2.1: Antenna in a lossy medium (a) antenna loss an@iéa) dipole in a lossy medium.

2.3 Theoretical Analysis
For simplicity, two ideal dipoles (an electric dipole and a rneéigrdipole) will be analyzed in a
homogeneous lossy medium with a finite conductivity. The exact teldldf these two antennas
can be found analytically, and therefore, one will be able to cortipgirenear-field stored energy,
radiated power and dissipated power in the closed form. Thigsialllows us to study the
behavior of small antennas in a lossy medium without concerning wesseith the antenna
design, mismatch issues, and the antenna structural loss.

Consider a homogeneous medium with permittivity, permeability and conijuctic, u,
ando respectively. An electric (magnetic) dipole of length, carrying a uniform currert(M)

in the z direction is located at the origin. One can find the electricnraagnetic fields of these

dipoles as:
_ AzMQ+yr)e VTsind 1o oA 4 A
Ey= p— [07,00, 1] e
__ jAzMme™YT . 2 o . R R )
Hy = pr— [2(1+yr)cosO 7, (1 +yr+y“r)sinbd 6,0 @]
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jAzuwle™ YT

Ep = = e [2(1 +yr)cos@#, (1 +yr +y?r?)sind 6,0 @]

AzI(1+yr)e Y"sind
4712

(2.6)

H; = [07,08,1¢]

where,

=a+jf = jou(jwe + o) (2.7)

with,

ﬁHJT 8)
a—a)\/:\] 1+ /1+(—)2 (2.9)

The electric field intensity is proportional to the inverse®dfor the magnetic dipole in the

near-zone while it is proportional to the inverse dfor the electric dipole. It means tHatE* in

the near-zone is proportional 1gr* and1/r® for magnetic and electric dipoles, respectively.
Therefore, the ohmic loss associated with conductancef the medium will be higher for an
electric dipole in comparison to a magnetic dipole.

In order to proceed with these calculations, the input impedanties aritennas need to be
found to be able to feed both antennas with the same amount of poweth8isggounding lossy
dielectric loads the antennas in different fashions, the anterpedances will not be similar to
its respective free space input impedance. At the same tifir@teathickness for both dipole
antennas would need to be included to avoid field singularities, and contggnamerical
solutions are required to proceed. However, there is an alternage e@mpare the performance
of these two antennas in a lossy medium. To avoid impedance computatfaicasidgularities,
we assume that the antenna is located in an imaginary shalesof radius that just encloses
the antenna and generates the same field distribution outside of that sphere atdipoidea a

homogeneous medium (see Figure 2.1). As mentioned in Section 2.2, wlestiired energy
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and any loss inside the small sphere of radias it represents the antenna’s structural loss, similar
to the assumptions made by Chu in [148].
The electromagnetic power lost in a homogeneous lossy diesgtteical shell with an inner

radius ofa and an outer radius éfis computed as:
2 b1 * .
L= [ ~0E(r). E*(r)r*sinfd,dgd, (2.10)

It is worth noticing that the electric energy can be compuatedfashion similar to this
equation by replacing by €/2. To show the significance of the near-zone antenna loss, we
compute the antenna loss within the radian spfgre 1 for differenta, and normalize it to the
total power lost in the lossy material if it were to extenfinitely (it will be shown in the next
section that the total loss is equal to the total energy pa$smggh the sphere of radia$. The
assumption is that the antenna sk, is smaller than the radian sphere which is a condition for
small antennas. In the rest of this chapdewill be used as the radius of a sphere enclosing the
antenna structure.

The power lost for a magnetic dipole in a lossy medium freoran arbitraryp is :

wp _ AZ°M?a e+ (a? +,82)a_e_2ab 2a + (a? + )b

-2a

M " 24ma a b
_ AzZe2M %5 2a+(a?+B%)a]
- 24maa bh—oo (2'11)
The normalized power loss for magnetic dipole will be:
L‘I\l,',b 4 ae~2¢b-D 244 (a?+B2)b]
I 1 b[2a+(a?+B2)a] (2.12)

The power lost for an electric dipole in a lossy medium fecim an arbitrary is :

ab Azzlzﬂzawze—za(aw)

E 7 24naa3b3(a? + f2)2

[be?**f(a, B, a) — a®e***f(a, B, b)]
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_ Az’ Pow?e 2% f(a,B,a)

24maad(@?+p2)? o (2.13)
The normalized power loss for electric dipole will be:
L%’b _ _ a3e_2“(b_“)f(a,ﬁ,b)
s = 1 b @b (2.14)
where,
fla,B,r) =2a + 4a’r + 2a(a? + B?)r? + (a? + B2)*r3 (2.15)

These ratios (2.12) and (2.14) are plotted in Figure 2.2. for a typicadle tissue at 403 MHz, 2.4
GHz and 3.5 GHz (for material properties see [160]) as a functieriasfan electric dipole and a
magnetic dipole in a radian sphef (= 1) for each frequency. As Figure 2.2(a) shows, almost
91% of the power is dissipated in the radian sphterel(4.5 mm) for the electric dipole with =

5mm (antenna size 10 mm). This ratio is 60% for a magnetic antenna@l be shown that

outside of two radian spherds & 2/f), the wave impedance approaches intrinsic impedance of

the medium and the antenna type does not affect the loss dramatically in this region.
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M. ! Magnetic dipole
09F\ - -~ B e Electric dipole

Normalized Power Loss

(b)

Normalized Power Loss

Radius, a (mm)

(€)
Figure 2.2: Normalized power loss for muscle tissue insideamdphere (a) with radius 14.5 mm at 403 MHz (b)
radius 2.7 mm at 2.4 GHz and (c) radius 1.9 mmaGHz.

In addition to the electromagnetic loss duertdhe Poynting vector variations can also be

computed. One can find the real part of the radiated power passigh a sphere of radiuss:

Prd(r) = [ fO”%Re [E x H'] - #r2sin8dgd,, (2.16)

24



The total radiated power of these antennas would be equal for a lossless naediQjnif(

where z,, is the intrinsic impedance of the lossy material in which thteraa is placedio
compare the radiation performance of ideal magnetic and eldidtes in a lossy material, one

can compute the real part of the radiated power passing through a sphere of aadius

e 2" M2B2a+(a?+B%)r] _ AzZe 2%"MZ(a?+B%)B)

rad _ Az?
P r) = 12mpuwr 12mpw rooo (2'18)
d _ AzZe 2972w _ Az2e™2I2Buw
Pga (T) - 127”.3(0_,2_'_[;2)2 f(a, ﬁ: T') ~ T oo (219)

To make a fair comparison between these two antennas, thedrautiater needs to be
normalized to the input power. As we ignore the effects oftsiraicand mismatch losses in this
study, we will define input power as the total real power thesgmthrough a sphere of radius
As the medium in which the antenna resides is lossy, the engirepower will be absorbed when

b — oo (orin the far-field).

PIA4(r) _e2ardg2a+(a?+p?)r]
L@ rl2a+(@Z+p2)a]

(2.20)

PEad(r) _ e—za(r—a)an(a'ﬁ'r)
LR(a) r3f(a,5.a) (2.21)

Equations (2.20) and (2.21) provide the total radiated power passing thrphgineacs radius
r normalized to the input power for magnetic and electric idgables, respectivelyThe
normalized power is plotted versus antenna si2e)(and distancer, inside a lossy dielectric,
which has the properties of the muscle tissue at 403 MHz @R3r). Figure 2.3 demonstrates

the superior performance of a magnetic antenna in comparison @gthichntenna with the same
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size and the same accepted power. The difference between thetemmas increases at small

antenna size.
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Magnetic to Electric Normalized Power Ratio (dB)

(c)
Figure 2.3: Normalized radiated power inside muscle tissu#0&8 MHz for (a) magnetic dipole, (b) electric dipol
and (c) differences.

The ratio of the normalized radiated power of both antennas forelifféalue ofa can be

expressed as:

rad

Ppr (1)

L@ _ rif(apa)2a+(a®+p*)r] 2a(1+2aa) (2.22)
PL4 (r) T af(a.Br)2a+(aZ+p2)al ~ a?(a?+pA)[2a+(a?+p?all,._ )

LE (a)

This ratio at fixed value of = 100 mm and variable antenna size for 3 different human body
tissues at the allowed frequency bands are shown in Figure 2.4 .giinesshows that the radiated
power from an ideal magnetic dipole is always more than thateikeatric antenna with the same

size and the same accepted power and this ratio increases at small anéenna s
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Muscle

Normalized Radiated Power Ratio (dB)

Radius, a(mm)

(€)
Figure 2.4: Normalized radiated power ratio for various tissus. antenna size at (a) 403 MHz (b) 2.4 GHz ahd (
3.5 GHz.

2.4 Simulation Results

In order to validate the theoretical results using full-waveukitions, a dipole antenna (electric
field antenna) with a length of 0.5 mm and a rectangular loop anferagnetic field antenna)
with the length of its diagonal as 0.5 mm were simulated usingOF&&K shown in Figure 2.5.
These sizes are chosen in order to ensure an electrically @mahna. These antennas are
surrounded by a homogeneous medium that has properties of a lossy dielectrigngimiman
muscle tissue at 403 MHz (for tissue propersies [160]). Hereq is the radius of the sphere
enclosing the antenna as discussed previously in Sections 2.3 and 2.4sasphéne can be
assumed to be the antenna size. To remove the effects of actyirstr or mismatch loss from
these computations, the total radiated power passing through an ingagphare of radiug is
considered to be the total input power to the antenna (similar toghepower computation for
the theoretical formulation) while keeping the size of the phlysietennas the same (so as to
ensure that the electrically small criterion is met all ageto prevent excitation of higher order
modes in a larger antenna). The sphere ragliusas varied from 1 mm to 14 mm in order to
facilitate a comparison with the theoretical results. The tatdiated power at various distances

from r = a to a maximum distance af = 100 mm is computed for both antennas and it is
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normalized to the input power (powerrat= a). Then the ratio of the normalized radiated power
for both antennas is computed for different radii of the imaginaingre (which is considered to
represent the antenna size). For various values aidr, this ratio is plotted in Figure 2. 6.
Clearly, from Figure 2.6., simulation results for normalized pageee well with the theoretical
predictions in trend if not their absolute values. This can be cothpaféigure 2.3., for muscle

tissue for validation.

(@) (b)

Figure 2.5: Small antenna simulation (a) small dipole and (balsloop antennas.

Normalized Radiated Powe}} (r,a) (dB)

Radius, a (mm)
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Normalized Radiated Powe} (r,a) (dB)

100
Radius, a (mm)
Radiation distance, r (mm)
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Magnetic to Electric Normalized Power Ratio (dB)

Radiation distance, r (mm)
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Figure 2. 6: Simulated results for normalized radiated poweor&N(r,a), inside muscle tissue at 403 MHz for (a)
loop antenna and (b) electric dipole. (c) Ratiwaties shown in (a) to (b).
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In Figure 2.7, a comparative plot shows a side-by-side compdrétaeen theory and
simulation results. It can be seen that, as the antenna sizedsesm@aller, the difference between
the two types of antennas becomes more significant which is éeragnt with our theoretical
results. However, a deviation from the theoretical results lsanb@ noticed for smaller values
of a. This is due to the fact that within close proximity to the loopram, it does not behave as a
perfect magnetic dipole. Instead, we see a large contribution thue toltage source that excites
the structure. Thus, since the simulation results are not geddaatthe exact same antennas as
the theoretical effort, the results follow the same behavior.nAllstion with ideal dipoles in

FEKO showed very close agreement to theoretical results for all valaea®expected.
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—#— Theory
—&— Simulation

Magnetic to Electric Normalized Power Ratio (dB)

Radius, a (mm)

Figure 2.7: Comparison between theoretical and simulated $oiftnormalized radiated power ratidVg,a),
inside muscle tissue at 403 MHz at r = 10 cm.

2.5 Chapter Summary

It can be seen that there is a fundamental difference metirefield ohmic loss generated within
a lossy medium surrounding electric and magnetic antennas. Etircaléy small antennas, this
loss is more pronounced. Theoretical results were presented anclatated through simulation
in a full wave simulator using small dipole and loop antennas. In wsinql it is clear that

magnetic antennas such as the loop antenna and/or its variants offer easigadivantage when

compared to electric field antennas such as the dipole, PIFA, patabtizers in terms of power

32



lost in dielectric media surrounding the antenna. Thus, for implapfdatations where we have
stringent regulations on SAR and where maximum efficienoggsired (such as wireless power
transfer to medical devices), it makes more sense to useemffrnagnetic antennas. Even for
magnetic antennas, one must choose a design that minimizetsirstk losses. ECLA is a self-

matched high-Q resonator that can be conveniently engineered to suit ddfgpecations.
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Chapter 3

Electrically Coupled Loop Antenna

The implanted antenna needs to be extremely small while nmangeah permissible SAR and
being able to cope with the detuning effects due to the dieleabperies of human body tissues.
This chapter is devoted to design a miniaturized magnetit &ietenna to achieve the above
requirements. The proposed ECLA has a high magnetic field andeldotsic field in the near-
zone and therefore, has a small value of SAR and is lessiwemsidetuning effects. ECLA is
designed for the MICS, ISM and 3.5 GHz (3.55-3.65 GHz) bands with dimersidbs5x3
mm?), (3x3x3 mm) and (2x2x2 mr). These antennas will then be simulated inside one-layer
human body model, three-layer spherical human head model, human head an@duaynaiso,

a wearable ECLA with dimensions (20x20x5 #ins simulated inside one-layer model. A
comparison between ferrite-loaded ECLA and regular ECLA withséimee dimensions will be
investigated. At the end of the chapter, the simulation resultgasicdated using experimental
work. From the simulation results, ECLA inside the human body hadtz5-3 dB bandwidth,
-14 dB gain, and radiation efficiency of 0.525%. The 1g average SAR th&daiman body for
10 mW input power is about 1 W/kg which is 7 times lower than d@attenna of the same size.
Also, the ECLA with ferrite beads has better performance coedpa ECLA without a ferrite
load of the same dimensions [21, 161].

3.1 Introduction

Implanted antennas inside human or animal bodies are widely usedmedical telemetry
(biotelemetry) and therapy applications. In biotelemetry, theamet antennas are used to
transmit power into or out of the host body. However, in therapy apphesatthe implanted

antennas are used to provide energy as cancer treatment using hypedbpfhicagions [90].
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The common frequency bands for implanted antennas, approved by FCCGackBIRCS,
ISM and 3.5 GHz bands [162]. The choice of the frequency band decidespihated antenna
size and power loss inside the host body. The antennas operatweghkGS band have lower
power loss and larger antenna size, while on the other hand, thentb85aGHz bands devices
use smaller antennas having higher loss [19].

The design of an implanted antenna involves many challenges mgchidcompatibility,
miniaturization, detuning effects of human body tissues, and patiety £, 89]. The implanted
antenna must be biocompatible to prevent a short circuit which camw doe to the high
conductivity of the human body tissues and to prevent rejection of thariteglantenna by the
host body. To achieve biocompatibility, the implanted antenna shoulsutveunded by a
biocompatible insulation layer such as PEEK, MACRO or Ceralamina [163]. The electrical
properties of the human body tissues can change the resonant frequibrecyngfianted antenna.
Therefore, the implanted antenna should be as robust as possibledettsusg effects. The
antenna size has to be extremely miniaturized to satisfy the implantedsdegoe@ements at the
MICS band where the wavelength is about 750 mm. For the patiergtyg, 4k power loss inside
the human body, which is measured by SAR, should be minimized. Accaadthg FCC and
ERC, the maximum limits for SAR averaged over 1 g and 10 igsafd mass is 1.6 and 2 W/kg
respectively as explained in Chapter 1.

The early generations of implanted devices which used inductive coufding
communications, were able to transmit data over a range of only|P6dih Most of the previous
investigations on implanted antenna described in Chapter 1, suffer from two maimsdiitgh
value of SAR at small antenna size and detuning effects dueetetiigc properties of the human
body tissues. An ECLA is proposed in this chapter to tackle all the above issues.

The chapter is organized as follows, the structure of EClA&idescribed in Section 3.2
and the performance of ECLA in different human body models wilirbalated in Section 3.3.
In Sections 3.4 and 3.5, the effects of human model dimensions and theanslalggr on the
value of the antenna’s SAR will be investigated respectively.AEferformance at the allowed
frequency bands will be investigated in Section 3.6. Wearable EGtl Aearite loaded ECLA will
be explained in Section 3.7 & 3.8 respectively. An experimental worklidate the simulation

results will be provided in Section 3.9 and chapter summary will be provided in Section 3.10.
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3.2 ECLA Structure

ECLA has been introduced in [20] as a magnetic field antennansists of a high impedance
transmission line (inductor) terminated to a short circuit atesmteand a distributed capacitor at

the other end providing a distributed LC resonator. The feeding proleetisaally coupled to the
antenna as well (Figure 3.1). The antenna can be tuned to a paftegleency using the antenna
dimensions|(, W, andh) and the distributed capacitance between the loop and the ground plane
(tss Ws andLs). The dimensions of the feeding head, (M, andtp) are responsible for scaling the
input impedance of the antenna allowing us to match it to differgpédances. ECLA can be
extremely miniaturized by adding a lumped capacitor in paraltéketdistributed capacitor of the
resonant antenna. One can employ a variable capacitor to us€ltAeal a tunable antenna as

well.

A
\4

e

v ts

\\ \\\k
—r Lb

(a) (b)

Figure 3.1: Electrically Coupled Loop Antenna, ECLA, (a) 32w and (b) side view.

3.3 ECLA Performance inside the Human Body

The dimensions of ECLAL( W, andh) used for the simulation in this section at MICS band are
(5%5x3 mni), respectively. A shunt capacitor of 29 pF has been added ingbawith the
distributed capacitor to reduce the resonant frequency of the arert8.5 MHz. In the
following subsections, the performance of the antenna will be stutBeteidifferent models of

the human body.
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3.3.1 ECLA inside One-Layer Rectangular Model

To study the performance and radiation characteristics of Ei@&ifle the human body, first a
one-layer model is considered. The one-layer model reducegé¢hef $he numerical model and
allows us to optimize the antenna using HFSS (Figure 3.2) in a réésdinge. Different tissues
have been used for the one-layer model (Table 3.1). The one-laydrisa@00x100x100 m#
cube and ECLA is located at the center of the model. To achievgatibitity between the ECLA
and the human body tissues, ECLA is covered by a 1 mm-thick insulayen(whose effects
will be discussed in Section 3.5). The scattering parametgraf ECLA inside skin and muscle
tissues are presented in Figure 3.3. Based on this figure, one chuaedhat the input impedance
of ECLA does not vary dramatically by changing the electnraperties of the surrounding
materials. Table 3.2 shows the radiation characteristics (mogxi gain, -3 dB bandwidth,
efficiency and 1 g averaged SAR inside the model) of ECaAvgared to the previous work of
implanted antennas. This table shows that ECLA has the sma&lkesttsle still maintaining the

lowest value of SAR.

A —
R4 <
Human

. 7
Insulation Laye

Figure 3.2: ECLA inside one-layer model of human body and mifeed ECLA structure.

Table 3.1: Dielecric properties of human body tissues

Tissue Dielectric constant Conductivity (S/m) Density (kg/f)
Skin 47.6 0.68 1100
Muscle 53.8 1.18 1040
Fat 5.57 0.041 1000
Skull 17.8 0.16 1850
Brain 49.7 0.59 1030
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Figure 3.3: Scattering parameter {3 of ECLA inside one-layer model for skin and mastssues.

Table 3.2: Radiation characteristics of ECLA compared to other types of implantedrast

Antenna Dimensions Gain Bandwidth | Efficiency | SAR

(mm) (dB) (MHz) (%) (W/kg)
PIFA (10x10x1.9) -26 50 0.6 336
PIFA(8x8x1.9) -25 122 0.55 903
PIFA(23x19x1.9) -27 120 - 280
Micro strip (40x32x8) - 50 0.16 180
PIFA (32x24x8) -- 70 0.25 209
Spiral PIFA (20x24x2.5) -- -- 0.34 310
Stacked PIFAfx7.5x1.9) -44 170 0.31 750
ECLA (5x5x3) -14.7 5 0.4 152.8

3.3.2 ECLA inside Three- Layer Spherical Model

The next step would be simulating the optimized antenna in a tyee+hodel (Figure 3.4). A
three-layer model is a more accurate model for the human headndded consists of a brain
layer with a radius of 85 mm and skull and skin layers with thickoies8 and 5 mm respectively.
ECLA is placed at the center of the three-layer model and atedulising HFSS. The scattering
parameter (§) of ECLA inside the three-layer model is compared to thoséemsie-layer models
of skin and muscle in Figure 3.5. This figure shows that the returofidlse antenna is the same

for all three-models.
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Figure 3.4: ECLA inside three-layer model of the human headi magnified ECLA antenna
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Figure 3.5: Scattering parameter(pof ECLA inside one-layer and three-layer models.

TABLE 3.3: Radiation characteristics of ECLA inside three-layer sphiemicalel and exact head.

Model Gain (dB) Bandwidth Efficiency SAR
(MHz) (%) (W/kg)
Three-layer -14.9 5 0.4 152
Head -15 6 0.3 151
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3.3.3 ECLA inside the Human Head

To study the performance of ECLA inside the human head, Remconbd XF (XF7) is
employed with a model of the human head consisting of 39 human tissues. ECLA dsap e
skin tissue (2 mm from skin surface) of the model as shown ind=&j6r The scattering parameter
(S11) of ECLA inside the human head model is shown in Figure 3.7. The ant&hrdimensions
(5x5x3 mnd) still has the same resonant frequency and a different f@lilee minimum return
loss. The antenna can be matched by changing the dimensionsfeédirey probe. Also, 1 g-
averaged SAR values of ECLA inside the head model are showigureR3.8. The radiation
characteristics of ECLA inside the human head model are cothpéttethe three-layer model in
Table 3.3. From these results, one can conclude that the performdaCéAfinside the more

accurate human head model is approximately the same as the three-layler mode

-
-
-

Insulation
Layel

Figure 3.6: ECLA inside human head and cutting plane to sBGALA.
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Figure 3.7: Scattering parameter {$ of ECLA inside human head model.
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Figure 3.8: 1g-averaged SAR of ECLA inside human head.



3.3.4 ECLA inside the Human Body

The radiation characteristics of ECLA are invegeganside a human body using XF7 software.
The model includes 39 human body tissues of ant adalle. ECLA is placed at the chest of the
human body model as shown in Figure 3.9. The sitimmaesults for the scattering parameter
(S11) of ECLA inside the human body model are showhigure 3.10. This figure confirms that

the impedance characteristics of ECLA do not chaltgenatically due to environmental effects.

Figure 3.9: ECLA inside human body, cutting plane to show ECGitlucture and its 1g-averaged SAR inside human
body.
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Figure 3.10: Scattering parameter {$ of ECLA inside human body.
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3.4 Effect of ECLA Dimensions on SAR

The dimensions of ECLA have an important effect on its performarsigel the human body.
Specifically, the miniaturization factor plays an important taleleciding the SAR value. The
total electric field intensity has been computed using HFS®ifee different antenna dimensions
at the same resonant frequency and the results are presehigdren3.11. Table 3.4 shows the
effect of ECLA dimensions on its performance while maintainiegsame resonant frequency by
using different values of the lumped capacitor. The field inteasitynd the antenna increases by
1/aP wherea is the maximum dimension of the antenna ansllarger than 1 for an antenna size
a < A/4 (Figure 3.11) as explained in Chapter 2. This causes a signjficamin the SAR value
for highly miniaturized electric field antennas. Due to the flagt ECLA is a magnetic antenna,
the miniaturization factor does not increase the SAR dramati€atie can compare the electric
field intensity for three different cases presented in [eiguil and the associated SAR values
presented in Table 3.4. These results show that the antenna minti@tunizereases the electric
field intensity and SAR value.

Table 3.4: Radiation characteristics of ECLA inside one-layer model witferdint ECLA
dimensions.

ECLA dimensions Quiality Bandwidth | SAR1g | SAR10g
(mm) factor(Q) (MHz) (W/kg) | (W/kg)
5x5%3 50 8 154 44
6x6%4 37 11 151 40
7x7%x5 29 14 143 39
8x8x%6 25 17 138 38
9x9x7 20 20 125 36
10x10x%8 18 23 115 32
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Figure 3. 11: Computed total electric field around the antenmatifioee different dimensions: a) 5x5x3/rh)
7x7x5mnt, and ¢) 8x8x6mrh
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3.5 Effect of Insulation Layer on SAR

To prevent the rejection of the implanted antenna by the human lsiyedj ECLA with
dimensions (5x5x3 miis surrounded by a biocompatible insulation layer. The insulati@n lay
thickness and type play an important role on the SAR of ECLA irikigldhuman body model.
Tables 5 and 6 show the performance of ECLA surrounded by diftgp® of insulations with
different thicknesses inside the one-layer model of the human bbdyadiation characteristics

of ECLA are calculated using HFSS software.

Table 3.5: Radiation characteristics of ECLA inside one-layer human body model wigheatit
Teflon material insulation thickness.

Insulation thickness | Gain Bandwidth | Efficiency SAR1g
(mm) (dB) (MHz) (%) (Wikg)

1 -15.5 8 0.35 154
2 -14.8 7.2 0.38 74.9
3 -14.5 6.9 0.42 41.2
4 -14.4 6.6 0.43 25.2
5 -14.2 6.4 0.45 15.7
6 -14.1 6.2 0.46 11

Table 3.6: Radiation characteristics of ECLA inside one-layer human body model wigheatit
insulation materials.

Insulation Gain | Bandwidth | Efficiency | SAR1g
Types (dB) (MHz) (%) (W/kg)
Teflon -14.7 5 0.4 152.8

MACRO -15.5 6 0.35 141.4
PEEK -15.3 9 0.34 173.5
Ceramic Alumina -16 11.2 0.28 201

It can be seen from the results presented in Tables 3.5 and 3l@thiaetand type of the
insulating material can change the performance of the implanted.HDe capacitive part of the
antenna (distributed capacitor) has the highest electric fieddsity compared to the inductive
parts as shown in Figure 3.11. Since the electric field inteissitgsponsible for increasing the
SAR values, one needs to either make the distributed capacitoersoralise thicker insulating
material layer around it (Figure 3.12). The performance of EClsflkean computed using HFSS

inside the one-layer human body model with different sizes of insglataterial layer around the
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feeding probe and the results are presented in Table 3.7. The inductive part ofrtha hasethe
same size of insulating material while the thickness of thelatisg layer increases at the
capacitive part. The results presented in Table 3.7 when compareddsulte obtained in Table
3.2 demonstrate the effectiveness of this method.

. !
Insulation Layer

Figure 3.12: ECLA surrounded with insulation layer around theding head.

Table 3.7: The ECLA performance with different insulation thickness arouedifg head and
capacitance.

ECLA Volume Gain Bandwidth | Efficiency | SAR1g
(mm°) (dB) (MHz) (%) (W/kg)
337 -18.3 4.2 0.17 48
252.3 -18.5 4.1 0.17 71
168.2 -28.4 3.7 0.17 81.6
121 -18.7 3.9 0.16 113

3.6 ECLA Performance at the Allowed Frequency Bands

ECLA performance inside the one-layer rectangular human bodyl rwodehe 3-layer spherical
human head model will be investigated using HFSS. These simplesnawdalsed to reduce the
problem complexity and simulation time. ECLA is designed at MIEB,and 3.5 GHz frequency
bands with dimensions (5x5x3 mMN(3x3x3 mnd) and (2x2x2 mr¥), respectively. To achieve
biocompatibility, ECLA is covered by a 1 mm insulation layer,clihinas a relative dielectric
constant 2.07 and zero conductivity. The one-layer model has dimensions (100x100x%)00
and it has the properties of muscle and skin tissues at diffeggoency bands as shown in Table
3.8. The three-layer spherical model has the properties of Witirradius 85 mm, skull with
thickness 10 mm and skin with thickness 5 mm (Figure 3.13.). Thersagparameter (8) of
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ECLA inside the human body models at the three frequency bands is shbigare 3.14. From
this figure, we see that ECLA is less-sensitive to the detusfiiegt of the human body tissue

electrical properties.

Skin Skull
T e (>
P
| v
/ “ ,’/,/zﬁ/‘f—’

/
/

Brain ECLA

Figure 3.13: ECLA inside one-layer and three-layer models.

Table 3.8: Electrical properties of human body tissues at different frequency bands.

Band Tissue | Dielectric constant Conductivity Density
(S/m) (W/Kg)
MICS Skin 49.85 0.67 1100
Muscle 57.95 0.81 1040
Brain 49.7 0.59 1030
Skull 17.78 0.16 1850
ISM Skin 42.85 1.59 1100
Muscle 53.6 1.81 1040
Brain 42.25 1.51 1030
Skull 14.96 0.599 1850
3.5 GHz Skin 41.41 2.35 1100
Muscle 52.12 2.72 1040
Brain 41.09 2.26 1030
Skull 14.07 0.922 1850

The radiation characteristics of ECLA for 1W input power are siowable 3.9. From these
results, as the frequency increases, ECLA dimensions decredBedhaBdwidth increases, quality
factor decreases and average SAR increases. Also, due to Ehdindfations, the maximum

allowed input power (F) decreases as the frequency increases.
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Figure 3.14: Scattering parameter {p of ECLA inside muscle, skin and three-layer humaadels at (a) MICS

S11 (dB)

Frequency (MHz)

band (b) ISM band (c) 3.5 GHz band.

Table 3.9: Radiation characteristics of ECLA inside human body moddiffrent frequency

(©)

bands.
Band Model | Bandwidth SAR 1g SAR10g Max. Pin
(MHz) (W/kQg) (W/kQ) (mW)
MICS Skin 5.53 161.7 36.5 9.9
Muscle 5.83 180 40.2 8.9
3-layers 5.73 141 31.9 11.3
ISM Skin 330 264 60.8 6.1
Muscle 363 269.4 62.3 5.9
3-layers 330 267.1 60.3 6
3.5 GHz Skin 380 385.1 71.3 4.2
Muscle 413 406.8 74.9 3.9
3-layers 369 384.1 70.9 4.2

3.7 Wearable ECLA

An antenna for WBAN may be implanted inside the human body or wearable on the skia surfa
of the body. The implanted antenna needs to be extremely srhéél maintaining SAR

requirements inside the human body as designed in the previous seiengearable antenna
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does not need to be heavily miniaturized but itdse® have high radiation efficiency and small
SAR inside the human body. The wearable antenraiated in free space near the human body
surface, which affects the radiation charactessot the antenna. An ECLA with dimensions
(20x20x5 mm) is designed as a wearable antenna as shown imeFRy15. Using HFSS, the
scattering parameter {$ of ECLA in free space is shown in Figure 3.16ingsXF7, wearable
ECLA with dimensions (20x20x5 minis placed 2 mm from the chest of the human bouifase

as shown in Figure 3.17. The scattering paranddterearable ECLA near the human body is
shown in Figure 3.18. The insulation layer thicikhéss a significant effect on the radiation
characteristics of wearable ECLA as the implant€&Zl & The radiation characteristics of
wearable ECLA using an insulation layer with relatidielectric constant 2.07 and zero
conductivity with different thickness are shownTiable 3.10. Based on these results, the resonant
frequency of the wearable ECLA near the human baidhnges slightly from that in free space
due to the effect of the human body on antenndesoag parameters. Also, the insulation layer
thickness has a significant effect on ECLA perfonoearadiated near the human body, whereas
the insulation thickness increases, the SAR intidehuman body decreases so the maximum

allowed input power to the antenna will increase.

ECLA

Insulation Layer . Feeding Head

Figure 3.15: Wearable ECLA inside free space medium, angledfiamd views.
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Figure 3.16: Scattering parameter {$ of wearable ECLA in free space medium.

Figure 3.17: Wearable ECLA near human body chest and its 1rpgeel SAR.
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Figure 3.18: Scattering parameter(yof Wearable ECLA near the human body chest.

Table 3.10: Radiation characteristics of wearable ECLA with differasulation thickness near
human body model.

Thickness /Parameter 1 mm 2 mm 4 mm
Available power (W) 1 1 1
Input Power (W) 0.97 0.74 0.8
Input impedance(t) 49.8-j16.6 T4+j72 82-j58
Efficiency (%) 0.99 0.8 0.72
S11 (dB) -16 -6 -7
SAR1g (W/Kg) 32.16 19 12.3
SAR10 (W/Kg) 9.22 5.4 3.8
Max input power 50 84 130

3.8 Ferrite-Loaded ECLA
To reduce the size of ECLA at the MICS frequency band, thenaatwill be loaded with a
magnetic material such as ferrite as shown in Figure 3.19. E€ BAnagnetic field antenna so,
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when ECLA is loaded with a ferrite material, theaeant frequency of the antenna will reduce so
the antenna size can be miniaturized to an arpitanall size. The ferrite material is a chemical
compound of ceramic material with iron oxide asn&in component. The ferrite material has the
electrical properties of, = 12 , u,, = 1000 ando = 0.01 S/m. In this section the performance
of ferrite- loaded ECLA inside the human body moaddl be studied and compared with the
performance of non- ferrite-loaded ECLA. ECLA widimensions (5x5x3 m#, (3x3x3 mmi)
,(2x2x2 mni) and (1x1x1 mrf) are designed and its performance will be studisile the one-
layer human body model with dimensions (100x100x&@&%). The model has the electrical
properties of skin tissue as shown in Figure 312 scattering parameters {Sof ECLA with

and without ferrite material for different ECLA dansions are shown in Figures 3.21 3.22, 3.23
and 3.24. From these figures, the -3 dB bandwidltterite-loaded ECLA is larger than that of
non-ferrite-loaded ECLA with the same dimensions ttuthe conductivity of the ferrite material.
Radiation characteristics of ECLA with and withéertrite-loaded are shown in Table 3.10. Based
on this table, ferrite-loaded ECLA has the loweSRalues inside the one-layer model compared
to non-ferrite-loaded ECLA. The SAR value dependgle power lost due to the size reduction
of the implanted antenna. Also, as the size of E@kduces, the bandwidth of the ECLA without
ferrite increases but the bandwidth decreasesefoitd-loaded ECLA. The gain for both ECLAsS

will decrease as the size decreases.

N

Figure 3.19: Ferrite-loaded ECLA, angled view and front view.
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Ferrite

Insulation

Figure 3.20: ECLA with and without ferrite-loaded inside one-¢syhuman body model.
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Figure 3.21: Scattering parameter { of ECLA has dimensions (5x5x3 mjwithout ferrite and with ferrite.
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Figure 3.22: Scattering parameter {$ of ECLA has dimensions (3x3x3 mihwithout ferrite and with ferrite.
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Figure 3.23: Scattering parameter { of ECLA has dimensions (2x2x2 mpwithout ferrite and with ferrite.
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Figure 3.24: Scattering parameter {$ of ECLA has dimensions (1x1x1 mipwithout ferrite and with ferrite.

Table 3.11: Radiation Characteristics of ECLA with and without Ferrite-loading

ECLA (mm) | Ferrite fr S11 | Bandwidth | Gain | SAR1g
Loaded (MHz) | (dB) | (MHz) (dB) | (W/kg)
5x5x3 No 403 -13 5.8 -14.3 158
Yes 403 -8.6 17.1 -14.4 148.5
3x3x3 No 403 -12.2| 6.5 -18.8 95
Yes 403 -12.8| 9 -16.7 167.3
2X2x2 No 403 -188| 7.5 -25.6 33.7
Yes 403 -142| 7.8 -20.8 103
1x1x1 No 403 -11 15 -37.6 3.2
Yes 403 -8 7 -32 9.8
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3.9 Experimental Work

Two ECLAs, one with dimensions (5x5x3 rfjmas an implanted antenna and other with
dimensions (20x20x5 mip as a wearable antenna, are designed. A box witiergions
(30x20x10 cr) filled with the ground pork, which has electrigabperties near the electrical
properties of the human body, is designed as daym-model. Implanted ECLA is placed 7 cm
inside the ground pork and the wearable ECLA isqla2 mm from the ground pork (Figure
3.21). The scattering parameters(®f the two ECLAs are shown in Figure 3.22. Thé shthe
resonant frequency is due to the lumped capacatreg (29 pF in simulation and 20 pF in
experiment). Also, the wearable ECLA has a largedadth compared to implant ECLA due to
the large dimension of the wearable ECLA as therard bandwidth increases when the antenna

dimensions increase.

k : N
“

V\\

Implanted ECLA

Figure 3.25: Experimental setup for ECLA with ground pork.
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Figure 3.26: Scattering parameter (¢ of (a) implanted and (b) wearable ECLA with grdysork.
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3.10 Chapter Summary

The ECLA was proposed as a suitable candidate for an implanted esrdble antennas
applications. ECLA has different dimensions at different frequéacys. Different parameters
of the antenna were studied for various cases to demonstratéfetieveness of ECLA for
implanted devices. To heavily miniaturize the ECLA antenna, th#tefédopaded ECLA was
proposed and its performance inside the human body model was studigdth&lsomulation
results were validated using experimental work. From the atmonlresults it was shown that,
while ECLA has the smallest size among the published rasulte literature, it maintains the
smallest value of averaged SAR inside different types of humanrbodgls. Also, ECLA was
shown to be less-sensitive to the detuning effect due to dielpriperties of human body tissues.
The antenna dimensions have a large effect on ECLA performaacaude as the ECLA
dimensions decrease, the SAR value inside the human body incr8deesffect of insulating
material around ECLA was studied as well. It was shown that a thickerdaeulation around
the distributed capacitor can reduce the SAR values. The perforrobfeeite-loaded ECLA
inside the one-layer model was studied as well. From thesestasulas found that ferrite-loaded
ECLA antenna has better performance as an implanted antenna edrtgqpaCLA without ferrite-
loaded material with the same dimensions.
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Chapter 4

Inter and Intra-Body Propagation Channel

Knowledge of propagation media, which typically gathered by phlsexperiments and
simulations, is a key step toward a successful transceivemddsigase of medical implants
physical experiment is extremely difficult if not impossillegrefore we rely on simulations in
most studies. In this chapter, PL between implanted antennasieasare of propagation channel
characteristics, is investigated using HFSS and XF7. An ECLA is designedydit inside the
human body models at MICS, ISM and 3.5 GHz bands. ECLA has dimer{SkBs3mnd),
(3x3x3 mnd) and (2x2x2 mr¥) at MICS, ISM and 3.5 GHz respectively. The effect of fregyen
bands, antenna polarization, human model electrical properties, human hapegllsiman model
dimensions and distance between implants on PL are considered welehdivo ferrite-loaded
ECLA will be studied as well and will be compared to PL betwasn-ferrite- loaded ECLA. Also
our simulation results are validate using experimental work. Ifevaxl that, MICS band has the
best propagation channel inside the human body model and the maximum PL is 90 dB [165].

4.1 Introduction
Now days, patients’ health information can be collected and vettieemotely and efficiently
using biotelemetry wireless networks such as WBAN. Implanted elevare important
components of WBAN which is a promising technology in biotelemetiyeadth care and
hyperthermia applications [3]. An important step in the developmeMBAN is to understand
the propagation channel characteristics as an essential requiremdintitortelesign of wireless
communication systems.

The inductive coupling technique widely adopted in primitive design o&ntadlle devices
is not appropriate to recent biomedical systems due to its lowatatand short communication

range [166]. Recently a considerable effort has been devoted tagatesie propagation channel
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inside the human body as explained in Chapter 1. In all previous worksgatiopechannel at all
the allowed frequency bands were not investigated, also in the cadtBAN, near-field
characteristics of the implanted antenna play an important rée ipropagation channel. In this
chapter, inter and intra-body propagation channel will be investif@atélde human body models
using ECLA at the allowed frequency bands.

The chapter will be organized as follows: PL inside one-lageehat the allowed frequency
bands will be investigated in Section 4.2. Effect of ECLA polarization and human body model on
PL will be explained in Sections 4.3 and 4.4 respectively. Plermsne-layer model for the upper
part of the human body will be investigated in Section 4.5. In Sectionl4iBsi@e simple model
of the human body will be investigated and PL inside exact human bodigl mill be explained
in section 4.7. PL using ferrite-loaded ECLA and PL models wilhkestigated in Section 4.8
and 4.9 respectively. In Section 4.10, Experimental work will be descaih@dhapter summary

will be provided in Section 4.11.

4.2 Effect of Frequency Bands on PL

Electrical properties of the human body tissues are function gquidreey, time, emotional mode
and diet. This fact makes the propagation phenomena more sophisticatedlémted antenna.
PL inside the human body model is investigated using HFSS at the allowed frequaheyTihee
transmitting and receiving antennas are ECLAs with dimensiong35x&7), (3x3x3 mni) and
(2x2x2 mn?) at MICS, ISM and 3.5 GHz frequency bands, respectively. AlsodEE€Eurrounded
by a biocompatible insulation layer of 1mm thickness with a weatielectric constant of 2.07
and zero conductivity. ECLAs are located at the center of the humgmimmtel. Simple models
for the human body as one-layer and three-layer models are usddde the simulation time and
problem complexity. After optimizing the antenna for each frequeacge and computing
primitive values for PL at different frequency range, the antenlhbe simulated in a full human
body model to compute the values for PL more accurately. The osierledel has dimensions
(200x50x50 mr#) which can represent human arm or leg and it has the elegiragadrties of
muscle tissue at the allowed frequency bands as shown in Tablbédthrde-layer model consists
of muscle with thickness of 35 mm, fat with thickens of 5 mm andwiimthickness of 2.5 mm

as shown in Figure 4.1.
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One-layer model

Muscle /\4: ECLA Fat

w
4

Three-layer model
Skin

Figure 4.1: Two ECLAs inside one-layer and three-layer humadybmodels.

Table 4.1: Electric properties of human body tissues at MIS® and 3.5 GHz frequency bands.

Band Tissue Dielectric Conductivity Density
constant (S/m) (W/KQ)

MICS Skin 49.85 0.67 1100

Muscle 57.95 0.81 1040

Fat 11.62 0.081 1850

ISM Skin 42.85 1.59 1100

Muscle 53.6 1.81 1040

Fat 10.82 0.27 1850

3.5GHz Skin 41.41 2.35 1100

Muscle 52.12 2.72 1040

Fat 10.5 0.42 1850

PL inside one-layer and three-layer modeltha allowed frequency bands are computed
versus distance of two ECLAs and the results angvshn Figure 4.2. It is worth mentioning that
these path losses include the antenna loss andataisioss as well. Also the magnitude of electric
field intensity and real part of Poynting vectosiohe one-layer model at the allowed frequency

bands at distance 100 mm between ECLAs are shoWwigures 4.3 and 4.4, respectively. Based
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on these figures the electric field intensity and real patePoynting vector decay exponentially
due to the lossy medium in addition to the spherical decaying fasises. from the transmitting
antenna an interesting phenomenon arises; our computation showsetiggtreenters the body
from different directions, especially at MICS band, which mayhleedominant communication
link at larger distances. Basically the LOS link might not bedtimainant propagation channel far
away from the antenna. The energy exits the body, travelsras@ing wave around the body and
gradually enters the body from the surface (Figure 4.4). Thastef more prominent at the MICS
frequency band. This makes the MICS band a suitable frequency baimtefoand intra-body
communication applications. Therefore, in the remaining parts aftibjgter PL will be explained
in details inside the human body at MICS band.
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Figure 4.2: PL inside human body models (a) one-layer model(ahthree-layer model
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Figure 4.3: Magnitude of electric field inside muscle modél¥4CS band, (b) ISM band and (c) 3.5 GHz band.
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Figure 4.4: Real part of the Poynting vector inside muscle ehd¢d) MICS band, (b) ISM band and (c) 3.5 GHz
band.

4.3 Effect of ECLA Polarization on PL

ECLA inside the human body can have parallel or perpendicular polarization, wheredaieA
is oriented parallel or perpendicular to the human body model resggets shown in Figure 4.5.
PL versus distance between ECLAs inside one-layer muscle &mivaodel with dimensions
(200x50x50 mr#) at MICS band in the two cases of polarization is shown in FigyéreBased on
this figure ECLASs with parallel polarization have around 10 dB gaiPL compared to ECLAS

with perpendicular polarization.
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Figure 4.5: Two ECLAs with parallel and perpendicular polatiaas inside one-layer muscle equivalent human
body model.
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Figure 4.6: PL inside muscle human body model in the caseaddlfel and perpendicular polarization.

4.4 Effect of Human Body Model on PL
To study the effect of human body model on PL,ifdide one-layer human body model with
different electrical properties, antenna locatiamd anodel shape and dimensions at MICS
frequency band will be investigated using HFSS.
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4.4.1 Effect of Model Electrical Properties on PL

A block of dimensions (200x50x50 nijnwith different electrical properties is used to study the
variation of PL due to tissues properties inside the human armG® féquency band will be
investigated at different values &f. andos. PL inside the human body modeleat= 53.8 and
different values of is shown in Figure 4.7 (a). Also PL inside the model &t 1.18 and different
values ofe, is shown in Figure 4.7 (b). From these resuithias large effect on PL values and
& has small effect on PL values. Also our simulation resultseagith the theoretical results for
wave propagation inside a lossy medium. For wave propagation inside ledsymmPL in dB is

linearly proportional with the attenuation constant
PL(dB) < « (4.1)

And for a uniform plane wave in a lossy mediuntan be expressed as-

a:w\/%j—u /1+(£)2 (4.2)

where u = pou, and & = gy, are the permeability and permittivity of the medium

respectivelyw = 2nf, is the angular frequency andis the frequency. For human body tissues

medium in MICS bandg can be expressed as-

a = 5.96 \/\/sz + (44.70)% — &, (4.3)

Based on equation (4.3),has large effect on PL values anchas small effect on PL values.

4.4.2 Effect of Model Shape and Dimensions on PL

The effect of model dimensions and shape on PL will be investigaiegl HESS. PL inside a
rectangular model with dimensions (200x50x50 dnmwhich represents a human arm, and with
dimensions (300x100x100 nfipnwhich represents human body leg, is shown in Figure 4.8.
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Figure 4.7: PL inside human body model for (a) different valwé o and constantg, and (b) different values,

and constant.

Distance (cm)

Based on this figure, at small distance between ECLAS, thel aiatEnsions has a negligible

effect on PL. At large distance between implants the peaR4 iare due to the standing wave
pattern described in Section 4.2. PL inside a rectangular modiedimensions (300x100x100

mm?), cylindrical model with radius 50 mm and length 300 mm, which repsehtiman leg,
and spherical model with radius 150 mm, which represents a human gae @& 9) is shown



in Figure 4.10. All these models have the eledtpcaperties of muscle equivalent model at the
MICS frequency band. From this figure, the modehelsions and shape have a small effect on
PL. The peaks on PL at large distance between EGéAsdue to standing wave pattern explained

in Section 4.2.
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Figure 4.8: PL inside one-layer muscle equivalent arm moddllag model.
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Figure 4.10: PL inside one-layer muscle equivalent human bodgehwith rectangular, cylindrical and spherical
shapes

4.4.3 Effect of ECLA Height on PL

The propagation mechanism inside the human body is a function of thermposiimplant in the
body and its distance from the surface. In this part, effecttehaa height inside the human body
on PL will be investigated using HFSS as shown in Figure 4.11. A megalealent model with
dimensions (300x100x100 nijris used and ECLA location with respect to the human body model
center (s) will change from s=0 mm (ECLAs are locatettha@icenter of the model) to s=65 mm
(ECLAs are located 15 mm above the human body model in free sphediCLA is forced to
resonate at MICS band using the feeding head and distributedtoapaniensionsPL inside the
human body model at MICS band at different antenna locations is shé&igune 4.12. Based on
these results, at s=55 mm and s=65 mm ECLAs are located isplaee, PL is nearly the same
and the human body has a small effect on PL. At s=45 mm, wher&€E@ie located 5 mm below
the surface of the model, PL increases around 10 dB above that fie¢ ispace. As ECLAS
location moves deeper inside the human body, PL increases and simevpeaks due to the
multipath fading. The waves exiting the body traveling as creepawgs around the body and
entering the body from other directions which form a standing wattern inside the human body

model.
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Figure 4.12: PL inside one-layer muscle equivalent human bodgehat different ECLA locations.

45 PL between Four ECLAs inside Human Body Model

PL using four ECLAs inside a muscle equivalent hantzody model with dimensions
(800x400x400 mrf) which can represent the upper part of the hunuaty lill be investigated
using HFSS (Figure 4.13.). These ECLAs are locatetthe center of the model. The distance
between ECLAs (dand d) will change and the effect on PL will be showih. ffetween four
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ECLAs inside the human body model at different s&ji@ns between ECLAs is shown in Table

4.2. From this table, PL between any two ECLAsaesstant as the distance between them does
not change independent of other ECLAS locations.

- -
o
]

ECLA1 ECLA3 ECLA4 ECLA2

Figure 4.13: Four ECLAs inside one-layer muscle equivalent huiimady model at different ECLA locations.

Table 4.2: PL between four ECLAS inside muscle model at diferdistance between ECLAS.

Distance (mm)| PL12 PL13 PL14 PL2s | PL24 | PL3zs
780-380 94.7 91.3 91.4 91.1 916 987
780-190 94.2 111.6 113.2 114 11p 82.7
780-95 94.4 127 127 126 127 538
780-50 94.4 130 130 120 127 37
780-25 94.2 129 128 128 128 24

390-380 145 109 110 108 109 99
195-380 84.2 80 89 89 90 96
100-380 55.4 84 84 84 84 96
50-380 37 83 83 83 83 97
25-380 24 83 83 83 83 96
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4.6 PL inside Simple Human Body Model

To find approximate value for PL inside the humaulyy PL inside a simple one-layer human
body model has the electrical properties of musdi@valent model at MICS band as shown in
Figure 4.14, will be discussed. Nine ECLAs are gthimside the model at different locations and
each ECLA is located at the center of each palhs.stattering matrix (S) between all nine ECLAS
is shown in (4.4), also the magnitude of electietdfand real part of Poynting vector are shown
in Figure 4.15. One can see from these figures thatspherical wave radiated from the
transmitting antenna decays rapidly by distance. ffam the transmitting antenna, the

communication channel is through the wave whichtegdhe body and travels around the body
and reenter at each point of the body. The maximmomputed loss through this model is 135 dB
for the case that all antennas are inside human. bod

ECLAL . B
ECLA2 _ECLAG6
I ’7., u<§\t

ECLA3 | _4-1" "~-4..__ ECLA7
ECLA4 ECLAS
-------- S L S B e e
ECLAS ECLA9
______________ _> -<_________________

Figure 4.14: Nine ECLAs inside the human body model at diffefe6LA locations
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Figure 4.15: Magnitude of electric field and real part of Paggtvector inside muscle model at different ECLA
locations.

4.7 PL inside the Human Body

The previous simple model in previous section is replaced with anealistic model to compute
the PL more accurately. Practical WBAN channel model wilhisestigated using XF7 simulation
software, in which a model of the human body is created, conswtiB§ human tissues. The
transmitting (Tx) antenna is an ECLA with dimensions (20x20 x5)namd it is located 2 mm
away from the chest. All the Receiving (Rx1: Rx5) antenna&&LAs with dimensions (5x5x3
mnr) and are installed at different vertical locations inside theamubody as shown in Figure
4.16. An ECLA with dimensions (10x10x3 m{Rx6) is placed inside the human body, aligned

with the transmitter, at 12 cm distance. Transmitting and rexeiZICLAs have a resonance
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frequency in the MICS band. Table 4.3, shows Plvbenh the transmitting and receiving antennas
with different distances between ECLAs. From thessults, maximum PL between the
transmitting and receiving antenna at any locainsmde the human body is about 90 dB. Also,
antenna size reduction from (10x10x3 fto (5x5x3 mmi) increases PL by 5 dB.

130 cm

Figure 4.16: ECLAs inside exact human body model at differecations.

Table 4.3: PL between ECLAs inside exact human body model.

ECLAs PL (dB) Distance between ECLAS (cm)
(Tx,Rx1) 76 35
(Tx,Rx2) 81 27
(Tx,Rx3) 86.4 71
(Tx,Rx4) 89 130
(Tx,Rx5) 45 12
(Tx,Rx6) 27 6.5
(TX,RX7) 40 12
(Rx1,Rx5) 94 35
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4.8 PL using Ferrite-Loaded ECLA

In this part, PL between two ferrite-loaded ECLAside one-layer model is calculated and
compared with PL between non-ferrite-loaded ECLBELAs have dimensions (5x5x3 mn
(3x3x3 mnd), (2x2x2 mm) and (1x1x1 mr) at MICS frequency bands and are located at the
center of the model. The one-layer model has dinaag200x50x50 mi) and has the electrical
properties of skin tissues at MICS frequency bandure 4.19). The distance between ECLAS is
changed and PL is calculated using HFSS. Figur@, 4tibws PL between ECLAs with different
dimensions in the two cases of ferrite-loaded EGIoA non-ferrite-loaded ECAL. Based on this
figure as the dimensions of ECLA decrease, fetaéeled ECLA has lower PL compared to non-
ferrite-loaded ECLA. So for small antenna size ifefoaded ECLA has better propagation
channel inside human body compared to non-ferodeléd ECLA.

One-layer model

Ferrite Loaded ECLA Without Ferrite Loaded ECLA

Figure 4.17: Two ECLAs with and without ferrite-loaded materiaside one-layer human body model.
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Without Ferrite
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ECLA has dimensions (a) (5x5x3 mim(b) (3x3x3 mm), (c) (2x2x2 mm) and (d) (1x1x1 mr)



49 PL Model

To simplify the design of WBAN, a model for PL inside the human budgt be specified. PL
inside the human body will be related to human body electrical prepedistance between
antennas, antenna polarization, human body shape and dimensions, and diffenestigpaiof the
environment. PL for WBAN can be described using three models:etimdrmodel, empirical
model and statistical model. Theoretical model is intended foil @efaloration of influence of
the body structure on antenna pattern. Also this model requiresas diescription of the
propagation environment and is therefore probably not suitable for modeling macro eewironm
Empirical model is traceable to agreed set of propagationumaasnt and is intended to provide
a convenient base for statistical modeling of WBAN networks. Cozdpta the theoretical model,
the empirical model will use a greatly simplified descriptadrthe environment and although
statistically accurate at the network level, it will notdvecise at the link level. Statistical model
is described in Chapter 1and can be calculated using equation (1.5).

4.10 Experimental Work

Two ECLAs with dimensions (20x20x5 nijrand (5x5x3 mrf) are designed as transmitting and
receiving antennas respectively. A box with dimensions (30x20x£pfitied with ground pork
is designed as one-layer model. Receiving ECLA is located at distance 7 cnihegigedel and
transmitting ECLA is located 2 mm from the model surface. Adwzontal distance between
transmitting and receiving antennas changes from 2 cm to 17 goréM.19). PL between the
two ECLAs using both HFSS and experimental work is shown in Fgafe From this figure the
experimental and simulation results are approximately the sathesmall differences due to
measurement error. Compared with Table 4.3 (at distance 12 cmatsamuPL inside human
body equal to 45 dB and measurement PL inside ground pork is 42 dB) ¢seds are
approximately the same. So the simulation work described in hiaister is validated by the

experimental work.
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i —Transmitting ECLA

Figure 4.19: . Experimental work setup of two ECLAs with groymark
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Figure 4.20: Experimental and simulation PL between two ECLsing ground pork.
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4.11 Chapter Summary

Intra-body propagation channel inside the human body model was imtedtigsing ECLA.
Propagation channel was investigated in terms of PL which includes: antenmeebosteld loss
and path loss. The effect of different parameters as operegopgeihcy bands, ECLA Polarization,
ECLA location and human body parameters on PL were investigateoetRieen ferrite-loaded
ECLAs was provided to see the effectiveness of ferrite-loatkediaa. Also the simulation results
were validated using an experimental work. It was found that, MICS band isitdides band for
propagation channel inside the human body model. Based on this studyxthmumaL inside
the human body is about 90 dB at MICS band for an antenna size of (30x26%) as the
transmitting antenna and (5x5x3 Mnas the receiving antenna. The ferrite-loaded ECLA has
better propagation channel inside the human body model compared tanteddaded ECLA at
small ECLA size.
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Chapter 5

Wireless Power Transfer for Implanted Devices

Wireless power transfer is studied using ECLA as a selifimed coupler for implanted
applications. The implanted ECLA is investigated with two diffesnés to show the effect of
the antenna miniaturization on the power transfer efficiency. Fuantirer the SAR is computed
to estimate the maximum delivered power to the implanted deMmeprototyped antennas are
used for experimental validation of the simulated data. It is shinat the power transfer

efficiency of 63% is possible for implanted devices located 2 cm inside the humachesdy

5.1 Introduction

Although artificial organs and implanted sensors/actuators havesodgects of science fiction

books and movies for a long time, they are coming to the realithenmodern healthcare
technology [167]. Smart pills [168] and pacemakers [169] have alresadyUsed as mobile and
static implanted devices while the implanted brain machine iogsrdMI, [170] are becoming

popular. However, powering up these devices is still a challenge sany of implanted devices
cannot exclusively rely on the batteries as power sources. WHPE isf the important candidates
to support implanted devices.

Action at a distance was one of the major concepts in theetsaigpomagnetics theorem [171]
which led to develop the concept of electromagnetic fields and&tiation. One of the essential
points of action at a distance is power transfer in free spaagrich Hertz validated the possibility
of transferring electromagnetic energy without using a metthucture [172] in 1888. Soon after
him, Nikola Tesla demonstrated a wireless power transfenitgee [173] based on electric field
in 1891. Since then, WPT has been the subject of research for nemistcand researchers until

Marin Soljacic’s team’s demonstration in 2007 [174] which brought the ctubfe/VPT to the
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spotlight. This was the beginning of a new race on WPT for wirelessithagplication both in
the industry and academia [23, 175].

The smart implanted medical devices have been the focus ypfesaarch programs over the
last few decades [146, 164]. Most of the modern implanted devices are able to receiamdemm
from the outside world or relay information from various sensatsnvihe host body. This makes
the implanted antenna an important component of the implanted device$ututhef healthcare
technology. However, there are many challenges involved in the designplanted antennas,
including but not limited to: antenna miniaturization, antenna loss, cdpatvith the human
tissues, detuning due to the dynamic nature of human body as described in Chapters 1 and 3.

The classical WPT design introduced in [174] consists of acliygransmitting or primary
coupler, receiving or secondary coupler, and the load coil. This systaidition to the matching
circuits of drive and load coils should be optimized for any specific application. Thezgiton
goal is the wireless power transfer efficiency which catrdmeslate to the ratio of the delivered
power to the load over the available power to the drive coil. Althougbkitieeand shape of the
coils are not the most important optimization parameters foglegs charger in the case of
cellphones or consumer devices, implanted devices are very setusttieesize and shape of the
implant. One of the main issues with the classical design proposd4], which has been
followed by many inventors, is its number of coils and three dimersiahare of the transmitting
side and the receiving side. The proper design for an implantégtdeould be a flat structure to
reduce the occupied volume with the implant.

ECLA was proposed as a self-matched coupler both as a radradicgugpling component.
As a coupler, it has been shown that ECLA can reach proper quaality for an efficient WPT
system. At the same time, there is no required matching circuitry or a@ilwglgéch decrease the
loss and the volume of the implant. Therefore, ECLA will be usetiiségffort for the main
coupling device.

The design of implanted WPT and the simulation results are lbbéni Section 5.2 and
Section 5.3. Measurement setup in addition to the measured daidiéexisn section 5.4. The
summary of the chapter is provided in Section 5.5.
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5.2 Implanted Wireless Power Transfer

Wireless implanted devices in general have to satisfy mhigslion the SAR dictate by the FCC
and ERC as described in chapter 1. As described on Chapters 2 hedddpt antenna is the
suitable design for implanted devices application. So in this cltapt@/PT for implanted devices
will be explained using our proposed ECLA.

Two different antenna sizes are considered in this chapter dodifferent applications. The
small ECLA is (5x5x3 mrf) and will be used in a small sensor node or a smart pill. The lar
ECLA is a circular loop of radius 10 mm and will be used for higbguired power where there
is not very strict limitation on the coupler size. Both ECLAs are surroundédavisiocompatible
insulation layer, has thickness of 1mm, relative dielectric enhstff 2.07 and zero conductivity.
Another circular ECLA with radius of 17.25 mm is used as a drivengmitting) antenna. The
three ECLAs have a resonant frequency at MICS band dedicated®wnd ERC for implanted
applications. The resonant frequency of each ECLA is fixed &3vftequency band using the

distributed capacitor dimensions.

5.2.1 WPT inside One-Layer Model

The preliminary simulation is performed in a block of materighwhe electrical property of
muscle tissue (relative dielectric constast = 58 “and conductivitys = 0.81 “) and size of
(200x200x200 mr) as shown in the Figure 5.1. Using HFSS, the scattering parani@trof
the three ECLASs inside one-layer muscle model and free space are showrenSEy

The parameter of interest is @hich includes all the loss mechanism and represents the total
power transfer loss. Scattering parameters (&tween two circular ECLAs and between circular
and square ECLAs at distance 2 cm and 3 cm between implanted deeisd®wn on Figure 5.3
and Figure 5.4. It has been shown that the electric size of theatess can affect the coupling;
the larger the coupler, the higher the coupling efficiency [176, 177]. Figure 5.3 shoBs foat
the small implanted antenna varies from -10.5 dB to -16.5 dB as theniegplBCLA moves 10
mm deeper into the lossy material. Figure 5.4 shows that thex B A performs much better
and its & changes from -7.2 dB to -13 dB for the same situation. This exparihas been
repeated for different distancédor both receiving antennas, and the result are presented in Figure

5.5. One can see the effect of antenna size and also distance oRTheffitiency. The PL for
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the small antenna is almost 5 dB higher than thgelantenna for distances larger than 15 mm
which can be assigned to the higher antenna lodgismall antenna. Although large distances

impose high path loss to the implanted WPT systeased on this simulations, one can have a
realistic WPT system 2 cm to 3 cm below the skin.

Small Square ECLA

Y

Figure 5.1:

T
(RS
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|| — Circular ECLA in Muscle
H Square ECLA in Muscle
Circular ECLA in Free Spad

S11 (dB)

4 450
Frequency (MHz)

Figure 5.2: Scattering Parameters;(5of circular and small square ECLAs inside oneslayuscle tissue and free
space.
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Figure 5.3: Scattering Parameters;fsbetween square and circular ECLAs inside onerlaygscle tissue at
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Figure 5.4: Scattering Parameters;gsbetween two circular ECLAs inside one-layer magsidsue at different

distance &' between ECLAs.
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Figure 5.5: Path Loss between two circular ECLAs and betwernlgir and square ECLAS verse distange “
between ECLAs.

5.2.2 Effect of ECLA Polarization on WPT

ECLA inside human body models can have either parallel or perpesdplarization, where
implanted receiving ECLA parallel or perpendicular to the tratisim ECLA, respectively.
ECLA with two cases of polarization are shown in Figure 5.6, anBltHeetween the two ECLAS
in the two cases of polarization are shown in Figure 5.7. Basellese tesults, ECLA with
perpendicular polarization has around 15 dB gain in PL compared to E@ibAparallel

polarization.
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Figure 5.6: Small square and large circular ECLAs with onestayuscle model in the two cases of polarization.
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Figure 5.7: Scattering parameters between two circular ECLAk lzgtween square and circular ECLA in the two
cases of polarization.
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5.2.3 Effect of Feeding Port Metal on WPT

To measure the ECLA performance inside human boalyets using vector network analyzer, a
metal part must be connected to the feeding pdEQifA as shown in Figure 5.8. The PL between
two circular ECLAs and between circular and squa@.As with and without metal parts are
shown in Figure 5.9. From these results, the addfrthe metal parts increase the PL by around

1dB to 2 dB compared to ECLA without metal parts

Square ECLA With Meta Part Large Circular ECLLA With Meta Part

Figure 5.8: Small square and large circular ECLAs with one-fayeéiscle model with metal parts
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Figure 5.9: PL between two ECLAs with metal parts (a) two cliaclECLA and (b) square and circular ECLA.

5.3 WPT inside Human Head and Body Models

Figure 5.10 and Figure 5.11 show the simulation setup using a more sapdustioman head and
human body models using XF7. The larger antenna (circular ECthAradius 10 mm) is located
in the chest, 2 cm and 3 cm under the skin, next to the heart whidieassed for charging a
pacemaker battery (Figure 5.11). The small antenna (squar@ &{@h.dimensions 5x5x3 m#

is located in the brain “2 cm and 3 cm under the skin” asladgvice which might operate based
on RFID technology (Figure 5.10). In both cases the transmitting anteararcular ECLA with

radius 17.25 mm located 2 mm from the skin of the human body chest an headin free space.

All ECLAs have a resonant frequency at MICS frequency band as shown in Figure 5.12.
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Figure 5.10: Small square and large circular ECLAs with humaache

Figure 5.11: Large circular ECLAs with human body chest.
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The scattering parameters®etween circular and square ECLAs with human head model
and between two circular ECLAs with human chest model are peesanthe Figure 5.13 and
Figure 5.14 respectively. Due to the problem complexity and siroolatme the results are
calculated at the required distances (2 cm and 3 cm) betweens£dbh& maximum WPT
efficiency computed by XF7 for implanted devices located 2 ain3aom under the skin in the
chest is about 63% (-2 dB) and 26% (-5.8 dB) respectively. The resutie small square ECLA
inside the head for distances 2 cm and 3 cm are 8.9% (-10.5 dB) and 4% (-14 dB), respectively

Circular ECLAin Chest

----- Square ECLA in Head |1

Circular ECLA in Free Spade |
T T

S11 (dB)

10 -~ -
[
I I e 4t ----

A4

QeF---—-——-— ‘A

850 450
Frequency (MHz)

Figure 5.12: Scattering Parametersi(pof circular and small square ECLAs inside humhest, human head and

free space.

Figure 5.15 shows the SAR values inside the human head and chaged\arer 1 g of
tissue mass for 1 W input power from a circular ECLA locatedr?fram the surface of the human
head or chest. From these results, the maximum 1 g averagefdSAR/ input power inside the
human chest and head are 27.3 W/kg and 24 W/kg, respectively. Theumakighaveraged SAR
inside one-layer muscle tissue using HFSS is about 27 W/kg. tdDthe SAR limitation, the
maximum power allowed for the antenna in the brain would be 60 mW, whigkrde37 mwW
and 15.6 mW to the antennas located at 2 cm and 3 cm under the skinhumthe chest,
respectively. These values for the square ECLAS in the hedgd%@enW (7.73 dBm) and 2.66
mW (4.25 dBm), which sufficiently exceed the minimum required powemfmiern RFID tags
(-18 dBm).
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Figure 5.13: Scattering Parameters;fsbetween square and circular ECLAs with human taealifferent distance
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Figure 5.14: Scattering ParametersigSbetween two circular ECLAs with human body cregstifferent distance

‘d’ between ECLAs.
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Figure 5.15: 1g averaged SAR inside human chest and human heatbaircular ECLA.

5.4 Experimental Work
A solution made by 51.16% water, 46.78% sugar amb% salt has electric properties close to
muscle tissues at MICS frequency band ( relativeledtric constant“s, = 58 “and
conductivity”o = 0.83 “). This solution has been used for the experimensaillt®in this chapter.
A box of size (35x25x25 c#is filled with human body solution, the driver E& (circular ECLA
with radius 17.25 mm) is placed 2 mm from the solutsurface and the load ECLA (circular
ECLA with radius 10 mm or square ECLA with dimensdx5x3 mm) is placed at the center of
the solution and move toward the surface of thetswi as shown in Figure 5.16. Using the vector
network analyzer, the scattering parametegfo&all ECLAs and & between the driver and load
ECLAs with different separation distancé’ ‘are measured. Scattering parameters @ all
ECLAs and % between the two circular ECLAs at distance 2 cigh &rtm are shown in Figure
5.17 and Figure 5.18 respectively. The PL betwheriwo circular ECLAs and between circular
and square ECLAs verses distandé s shown in Figure 5.19.

Based on these results, the measured dsi@eithis solution are much higher than the
simulation results using HFSS. There are a fewipiities suggested here for the main cause of
these discrepancies: The simulation results arepated for cases where the antennas are not

connected to any feeding cable while the measuaséalidclude the effects of the feeding cables.
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No balun was used to limit the currents on the gueface of the coaxial cables. Also, the feeding
cables are in direct connection with the lossy tsmhu This will increase the overall loss

significantly. The other parameter which might bgortant is the accuracy of the solution in
terms of electromagnetic properties. In practicases, there will not be any coaxial cable

connected to the implanted antenna.
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Figure 5.17: Scattering Parameters,fBof large circular and small circular ECLAs insideman body solution

and free space.
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Figure 5.18: Scattering Parametersifsbetween two circular ECLAs with human body salatiat different
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Figure 5.19: Path Loss between two circular ECLAs and betwssprare and circular ECLAs with human body
solution verses distancd™.
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5.5 Chapter Summary

WPT is an important issue for the implanted device applicationgewhes used to deliver the
power to implanted devices instead of using batteries which havdicsfiée time. WPT for
implanted devices inside the human body was investigated using the prdpG&& with
different shapes and dimensions. The WPT was investigated using HFSS insidgeonaukcle
model and inside the human body models using XF7. The simulation results were valitgted us
experimental work. From these results an efficient WPT fofantpd devices will be occurred
when the implanted device located at 2 cm or 3 cm inside the humanThedyaximum allowed
power for implanted antenna is about 0.06 watts, and the maximum \Wg¥@nely for implanted
devices located at 2 cm inside the human body is about -2 dB (6B&opolver delivered to the

implanted device is about 0.037 watts which it is large enough for charging itselsatte
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Chapter 6

Conclusion & Future Work

This dissertation proposed a magnetic field antenna for implapggatations as in WBAN. The
magnetic field antenna has a better performance insidsyartesdium (as human body) compared
to the electric field antenna of the same size and the sgruepower. The performance of the
antenna is measured in terms of power loss (SAR) and radiatexst. pidve proposed ECLA as a
self-resonator consists of distributed capacitance and inducta@Gté Ean be tuned to any
frequency using the distributed capacitor or using a lumped capacitparallel with the
distributed capacitor. The input impedance of the antenna can be tunedregaeycy using the
feeding head dimensions. ECLA is designed at the allowed freqbandg MICS, ISM and 3.5
GHz, which are dedicated by FCC and ERC for implanted applicatidreschannel model inside
the human body for WBAN is studied using the proposed ECLA. Also, thE iPmplanted
devices is investigated using the proposed ECLA.

6.1 Summary of the Dissertation

Extensive research has been conducted in the design of antennas fantechplievices
applications. Most of the previous designs for implanted applicationslectic field antennas
which suffer from two main problems: high near-zone electrid femding to high SAR inside
human body tissues and the detuning effect due to electrical prepdrtiaman body tissues. In
this research an ECLA antenna is proposed as a magneticriteltha to tackle all the above
limitations for implanted devices applications. In the beginningrief lbescription for the
implanted antenna design challenges for WBAN applications as fregumands, power loss,
channel model, power source, energy consumption and etc. were invdstijhtae previous

research on antenna design and channel model was presented.
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A fair comparison between the performance of magnetic frelehaa and electric field
antenna inside a lossy medium, such as a human body, was invesfidgetezthmparison was
investigated in terms of power loss and radiated power. Itauasifthat the magnetic field antenna
has a better performance inside a lossy medium compared to an elelctantenna of the same
size and the same accepted power.

The proposed ECLA was investigated as a magnetic field antenmaplanted device
applications as in WBAN. ECLA structure and the control of treomant frequency were
explained. The performance of ECLA inside different human body madethe allowed
frequency bands was investigated using simulation software amhteal using experimental
work. The effect of ECLA dimensions and the insulation layer on E@eAormance were
investigated. Also, the performance of ferrite-loaded ECLA inasstigated inside the human
body models. It was found that ECLA has better performance ifsdeuman body models in
terms of power loss, and it is less-sensitive to the detuning efie to the electrical properties of
human body tissues.

The channel models for WBAN inside and near the human body wasgated using the
proposed ECLA antenna. Channel model was investigated in term whieh contains all the
loss mechanisms associated with the antenna. PL was investigateddifferent human body
models at the allowed frequency bands using simulation software #ddte@ using some
experimental work. Effects of antenna size, antenna polarization, rebdpé & dimensions,
model electrical properties on PL were investigated. Also, Rludan the ferrite-loaded ECLA
inside the human body model was investigated and compared to nontéewieéel ECLA. It was
found that MICS band has the best propagation channel inside human body roogedsed to
other frequency bands. ECLA polarization and ECLA size have adayabie effect on PL; on
the other hand, the human body shape and dimensions have small efféctHumfan body
conductivity has a large effect on PL compared to human body retaéheetric constant. The
maximum PL inside the human body models equals 90 dB in the worst case scenario.

Finally, the WPT as a powering technology for implanted deinsésad of using batteries
which have a specific life-time was investigated. WPT wmasstigated inside different human
body models using simulation software and validated using somereepéai work. It was found
that an efficient WPT for implanted devices can be achievedriplanted devices located at a

distance of 2 or 3 cm inside the human body. The maximum WPRdieeify of 63% can be
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achieved inside the human body. Due to the SAR limitation the maxetiamed input power to

antenna is about 0.06 watts which will deliver a 0.04 watts to the implanted devices.

6.2 Suggestions for Future Work

The patient’s safety is an important factor in the design of the WBAMNnjolanted applications.
The power lost inside the human body due to the WBAN components, whretamsured using
SAR, must be kept as small as possible. For future researclolltveirig parameters must be
considered in the WBAN design:

* Antenna types, materials and shapes.
» Operating frequency band.

A large amount of research has been conducted to design WBANSs priottioeBHY layer,
MAC layer and network layer. The following points must be coneutlér the future research of
the WBAN protocols design for implanted applications:

» Take the movement of the human body into consideration.

» Consider the mobility of the WBAN nodes.

 Low power features such as an adaptive duty cycle for lowdhagidle listening and
overhearing.

* The uses of the human physiology such as heart rate for time synchronization.

* Use a combination of thermal aware routing with an energy efficient misohs

* Dynamic management of resource.

* Power management, sensor calibration and context aware network configuration.

» The computational load should be limited.

All WBAN devices require an energy source for data collectioegpsing and transmission,
so the developing of suitable power supply is an important issue. M&¥BAN devices are
powering up using batteries which have a specific life-time @mag not be replaced as in
implanted applications. It is important to develop a suitable techniquedioarging the batteries.
The most suitable technique for recharging batteries is tR&.VDue to the limited energy

provided by batteries, the following points must be considered in the future research
» Study the energy scavenging techniques in details for implanted amplgati
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* Energy scavenging from body sources such as body heat.

» Develop a better scheduling algorithm and power management.
For the design of a power efficient WBAN the following parameters must bedeoedi

* Average bandwidth.

*  Maximum required bandwidth.
» Active power.

» Standby power.

» Startup time.

» Communication setup.

The material used in the design of the WBAN sensor and actoatorplanted application

are very important, so the following points must be considered in the future research:

» Develop a biocompatible material for sensor and actuator.

* The size, shape and types of the materials are very important for implantedtapysic

The communication of health related information between sensors irNVEB@ over the
internet to servers is strictly private and confidential, so ggcauthentication, privacy, QoS, and
reliability are very important for implanted applications which tres considered for future

research.

In most cases, WBAN are designed by engineers and sethgphiaspital by medical staff,
so the WBAN must be capable for configuring and maintaining iéagbmatically which must
be considered as an important point for future research.

Much research has been conducted to model signal loss through thre dogyaAnother
interesting research point is to use the human body model adianmt® transmit the electrical
signal from one area of the body to another area. Also, a conffllateodel inside the human

body in terms of different parameters is an important issue in the futurecresea
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