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Abstract

Wireless Body Area Networks allow the interconnection between indepen-
dent nodes located either inside or over the body skin or further. Regarding
in-body communications, establishing a proper link with a capsule endoscope
or with a pacemaker are examples of technological advances achieved in the
last decades. In spite of these healthcare developments, current standards for
these kind of communications do not allow high data rate wireless connections,
which are common in the current telecommunication services. UWB systems
have emerged as a potential solution for future wireless in-body communica-
tions. Nevertheless, the main drawback of UWB for in-body applications is the
high attenuation of human body tissues which increases dramatically with the
increment of frequency. Hence, an accurate UWB in-body channel characteri-
zation is relevant in order validate UWB frequency band as the best candidate
for future networks of implantable nodes.

This thesis is devoted to test UWB technology for in-body communications
from an experimental point of view. To achieve this goal, a novel spatial
phantom-based measurement setup is used in several in-body propagation sce-
narios. Thus, the losses in the propagation medium and the channel diver-
sity are checked in a reliable way. In order to check the values obtained in
laboratory, they are compared and discussed with those obtained in an in
vivo experiment. On the other hand, new UWB antenna candidates for in-
body communications are designed and manufactured by using typical and
new miniaturization and antenna optimization techniques for this purpose.
Finally, diversity-based techniques are used to improve the performance of the
propagation channel in two different in-body scenarios.
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Resumen

Las redes de area corporal permiten la interconexién de nodos independientes
situados dentro o fuera de la superficie corporal o, incluso, alejados de dicha
superficie. En cuanto a las comunicaciones intracorporales, el establecimiento
de un enlace robusto con una capsula endoscépica o con un marcapasos, son
ejemplos de los avances tecnoldgicos conseguidos en las ultimas décadas. A pe-
sar de estos desarrollos en asistencia sanitaria, los estandares actuales para este
tipo de comunicaciones no permiten conexiones inldmbricas de alta velocidad
de transmisiéon, las cuales son comunes en los servicios actuales de telecomu-
nicaciones. Los sistemas UWB han surgido como potencial candidato para las
futuras redes de comunicaciones inalambricas intracorporales. No obstante, el
principal obstaculo de la tecnologia UWB para aplicaciones intracorporales es
la alta atenuacién que sufren las senales transmitidas al atravesar los distintos
tejidos corporales, que aumenta drasticamente con el aumento de la frecuencia.
Por tanto, es importante una caracterizacién precisa del canal UWB intracor-
poral a la hora de validar dicha banda como la adecuada para este propoésito.

Esta tesis se centra en el andlisis de la tecnologia UWB para posibilitar
comunicaciones intracorporales inaldmbricas desde un punto de vista exper-
imental. Para conseguir este objetivo, se ha empleado un novedoso sistema
de medidas experimental basado en fantomas en diversos escenarios de propa-
gaciéon intracorporal. De esta forma, se pueden comprobar las pérdidas de
propagaciéon en el medio asi como la diversidad del canal de una forma fiable.
Con el fin de validar los valores obtenidos en el laboratorio, se han comparado
v analizado con los obtenidos en un experimento in vivo. Por otro lado, se han
disefiado y fabricado nuevas antenas UWB candidatas para comunicaciones
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intracorporales, empleando técnicas existentes y nuevas de miniaturizaciéon y
optimizacién. Finalmente, se han usado técnicas basadas en diversidad para
mejorar el rendimiento del canal de propagacién en dos escenarios intracorpo-
rales diferentes.



Resum

Les xarxes d'area corporal permeten la interconnexié de nodes independents
situats, o bé dins, o bé sobre la pell, o inclas allunyats del propi cos. Pel
que fa a les comunicacions intracorporals, 1'establiment d'un bon enllag amb
una capsula endoscopica o amb un marcapassos, sén exemples dels avangos
tecnologics aconseguits les darreres décades. A pesar d'aquests desenvolupa-
ments en assisténcia sanitaria, els estandards actuals per a aquests tipus de
comunicacions no permeten connexions sense fil d'alta velocitat de transmissio,
que séon habituals als serveis actuals de telecomunicacions. Els sistemes UWB
han sorgit com una solucié potencial per a les futures comunicacions sense fil
intracorporals. No obstant, el principal obstacle de la tecnologia UWB per a
les aplicacions intracorporals és 1'alta atenuacié dels teixits del cos huma, que
augmenta drasticament amb l'increment de freqiiéncia. Per tant, és important
una caracteritzaci6 acurada del canal UWB intracorporal a 1'hora de validar la
banda de freqiiéncia UWB com a la millor candidata per a les futures xarxes
de nodes implantats.

Aquesta tesi se centra en 1'analisi de la tecnologia UWB per a comunicacions
intracorporals des d'un punt de vista experimental. Per a aconseguir aquest
objectiu s'ha emprat un sistema novedds de mesures experimentals, basat en
fantomes, en diversos escenaris de propagacié intracorporal. D'aquesta man-
era es poden comprovar les pérdues de propagacié en el medi i la diversitat
del canal d'una forma fiable. Per tal d'avaluar els valors obtinguts al labo-
ratori, s'han comparat i analitzat amb aquells obtinguts en un experiment n
vivo. Per altra banda, s'han dissenyat i fabricat noves antenes UWB candi-
dates per a comunicacions intracorporals emprant técniques tipiques i noves
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de miniaturitzaci6 i optimitzacié d'antenes per a aquest proposit. Finalment
s'han usat técniques basades en diversitat per a millorar el rendiment del canal
de propagaci6 en dos escenaris intracorporals diferents.
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Chapter 1

Introduction

This chapter begins with the state of the art that encompasses the main
topics covered in this thesis. Besides, the motivation behind this thesis is also
included. In addition, an overview of each of the chapters of this thesis is given
as well. Finally, the scientific and academic contributions that have emerged
from the content of this thesis are summarized.



Chapter 1. Introduction

1.1 State of the Art

1.1.1 FElectromagnetics in the Healthcare

Since 1840, when the pioneers Recamier and Pravaz experimentally proved
the use of electrical current at sub-microwave frequencies to generate heat in
order to destroy the uterine cancer [1], it can be stated that the scientific
research and the medicine have advanced hand in hand. There are count-
less examples of this successful relationship. The discovery of X-ray by W.C.
Roentgen implied a revolution on early diagnosis of countless pathologies. In
1952, P.M. Zoll implanted the first pacemaker in a human heart. The afore-
mentioned advances are just a few examples of the improvements in this field
through the technology.

Relevant technological steps have led to breakthrough in the medical field.
In particular, the fast development in the wireless telecommunications in the
last decades is a clear demonstration of this. Microwave and ultrasound tech-
nologies have led to a change in the conventional diagnostic model. They have
reduced the application of invasive techniques based on ionizing radiation as
well as those that use surgical procedures. Mainly, the application field of
microwave-based techniques in medicine can be catalogued in three groups:

e Farly diagnosis of severe diseases.
e Heat treatment at microwave frequencies.

e Monitoring techniques for patients and illnesses.

With regard to the first group, the appearance of diagnostic techniques based
on microwaves almost arose as a necessity to decrease the number of invasive
medical diagnostic based on surgery. For instance, the use of electromag-
netic waves allows the scanning of different parts of the body wirelessly and
painlessly. Nowadays, the Computed Tomography scan (CT) is an irrefutable
proof of this. This complex device was mathematically posed and then de-
signed by A.M. Cormack in 1917. Its operating principle consists in sending
out a electromagnetic wave to the part of the body to be studied in order to get
a 3D reconstruction [2|. Other relevant diagnostic techniques today in force
are the Magnetic Resonance Imaging (MRI), which can detect tumor tissues
invisible by X-ray techniques, or the medical ultrasound which was first used
by K. Dussik to detect brain tumoral tissues recording the transmission of the
sonic beam through the skull [3].
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(a) (b)

Figure 1.1: Commercial capsule endoscopy. (a) Front and (b) side view.

Most recently, the techniques based on imaging diagnosis are reaching a high
degree of popularity. The most popular techniques establish wireless commu-
nications between devices outside and inside the body. In 2001, the Medtronic
company (previously Given Imaging) launched into the market the first com-
mercial model of the Wireless Capsule Endoscopy (WCE) (see Figure 1.1).
This device intends to facilitate the diagnosis along the whole gastrointestinal
tract and substitute the traditional endoscopy which involves a high uncom-
fortable procedure to the patients. Besides, the traditional endoscopy is not
able to reach some areas of the small bowel due to the multiple twists and cor-
rugations of the guts. The only way to reach some areas of the small intestine
consists in using invasive techniques as laparoscopy. The operating principle
of the WCE is quite simple [4]. This device collects pictures from inside the
whole gastrointestinal tract reducing the patient's discomfort. The taken im-
ages are sent through the human tissues to an external reception system which
is usually an on-body array of antennas connected to a Holter monitor which
is in turn located on the patient's waist to record all the collected pictures.
Nowadays, WCE makes easier the early diagnostic of serious illnesses such as
the Chron's disease [5].
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Wireless Body Area Network

* Blood pH
* Glucose

« Dissolved oxygen
« Carbon dioxide
* Temperature

Figure 1.2: Example of multiple nodes interconnected in a WBAN network [9].

The appearance of the WCE has meant a quantitative leap forward in the
radio technology applied in medicine. However, it has not been the only sig-
nificant advance in this sense. Regarding the third group in the above list,
many vital signs from inside the body can be monitored such as heartbeats or
the electrical impulses generated by pacemakers [6]. In the view of the mas-
sive emergence of radio services for medicine, a standard became essential to
coexist with other systems and technologies.

1.1.2 Standardization of Wireless Medical Systems

It is not before the first decade of the century 21 when the first draft of the
standard for wireless medical devices was published. The exponential growth
of wireless networks along with the saturation of the radio spectrum made the
standardization process necessary. For this reason, on November 2007, the
LAN/MAN IEEE 802 committee formed the TG 15.6 working group in order
to carry out this task [7]. Mainly, four working subgroups, composed of a
committee of experts and researchers, addressed topics of the standard such
as the implementation and regulation; the propagation channel model; the
technique requirements and so on. Finally, the first international standard was
published on February 2012 and this kind of network was called as Wireless
Body Area Network (WBAN). The code of the standard, currently in force, is
the IEEE Std 802.15.6 [8|.

Regarding channel models, they enable and facilitate the performance assess-
ment of the proposals for the physical layer. From these channel models, the
propagation losses are characterized in both distance and operating frequency
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[10]. The TG 15.6 subgroup devoted to channel modelling established seven
different propagation scenarios, named as S;-S7, which are determined by the

location of the nodes involved in the communication. Accordingly, the nodes
could be:

e Implanted, where the node is located inside the human body either be-
neath the skin or deeper.

e On-body, where the node is in direct contact with the skin or at least 2
cm away from it.

e Off-body, where the node is far 2 cm away from the body surface up to a
maximum value of 5 meters.

The standard also defines several application scenario. Particularly, for im-
planted communications the S;, S, and S5 are defined as:

¢ S5; = Communication among implanted nodes. In literature, this kind of
scenario is also known as In-Body to In-Body (IB2IB).

e S, = Communication among implanted and on-body nodes. In literature,
this kind of scenario is also known as In-Body to On-Body (IB20B).

¢ S3 = Communication among implanted and external nodes far from the
body surface at least 2 cm. In literature, this kind of scenario is also
known as In-Body to Off-Body (IB20FF).

The TG 15.6 working group set three different channel models according
to the considered scenario (CM;, CM, and CM;3). CM; was allocated to Sy,
whereas CM, was to S, and S3. With regard to CM; and CM,, different or-
ganizations, such as the Federal Communications Commission (FCC), decided
that the Medical Implant Communication System (MICS) band, which covers
a bandwidth from 402 to 405 MHz, was chosen for both channel models. MICS
band was distributed in subbands up to 300 kHz. In terms of the radio perfor-
mance of this band, it has a relative good wave propagation conditions through
the human body tissues [11]. This is a high relevant factor since the losses suf-
fered by the radio waves through the different tissues considerably increase as
the working frequency grows as well [12]. In fact, this was a significant factor.
Robustness and reliability were rewarded over other features.
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1.1.3 Reuvision of Current Standard for Next Generation of
In-body Devices

The growth in the performance of wireless communication systems has been
exponential within the last two decades. Principally, this higher performance
has come along with the increment of the used bandwidth for current systems
which reach transmission data rates of the order of MHz and even GHz. In
this sense, wireless medical services have suffered a stagnation.

Although new mobile and wireless communication standards encourage the
use of large bandwidths to improve current applications, medical standard
has not been changed since its first publication. This fact restrains the IEEE
Std. 802.15.6 to allow high data rate connections, which are achieved by other
telecommunication services today in force. MICS band is constrained to the
use of narrow band systems up to 3 MHz. Therefore, future revisions of the
current standard for in-body communications aims to study other frequency
ranges to improve the performance of the current systems. Thus, new medical
applications could appear in order to enhance the healthcare and the wellbeing
qualitatively.

A large number of researchers and experts of this field has focused on re-
searching new frequency bands for in-body communications as alternative of
the current one. One of the proposed frequency bands has been the Industrial,
Scientific and Medical (ISM) radio band which covers from 2400 to 2453.5
MHz [13]-[17]. However, these multipurpose band is widely used for WLAN
and WPAN networks so that interferences between services could be produced.
Besides, communications at this frequency band are not able to reach the data
rates provided by current wireless technologies [18].

Over the last decade, the Ultra-Wide band (UWB) frequency band has been
considered for short-range, high data rate communications [19]. As the Euro-
pean commission pointed out, this technology can provide a host of communi-
cations, measurement, location, medical, surveillance and imaging applications
of benefit to various Community policies [20]. UWB technology was defined
by the FCC as any wireless system which occupies a bandwidth of 500 MHz or
more (absolute bandwidth) or a fractional bandwidth larger than the 20 % of
the carrier frequency (relative bandwidth) [21]. The FCC approved the deploy-
ment on an unlicensed portion of the electromagnetic spectrum which covers
from 3.1 to 10.6 GHz (see Figure 1.3). The European Telecommunications
Standards Institute (ETSI) defined the maximum mean power spectral den-
sity within the operating bandwidth [22]. Among the main benefits of UWB
technology are the large available bandwidth, the lower power consumption,
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Figure 1.3: UWB frequency spectrum [24].

the low-cost of its transceivers, the simplicity of its receivers and the low profile
of its antennas [23].

Concerning WBAN networks, UWB technology has been used for extracor-
poreal scenarios, i.e., when all the involved nodes are located outside the body.
However, many research works have put UWB systems forward as a future
candidate for the revision of the current standard for in-body communications
[25]-|28]. In literature, it is possible to find works devoted to novel devices
which benefit from this technology. For instance, cortical implants [28], UWB
capsule endoscopy [29] or even innovative cancer detection techniques [30]-
[32]. In fact, the current capsule endoscopy can take a qualitative leap forward
by using UWB technology. Capsule endoscope sensors require at least 73.8
Mbps (640x480x24-bitsx 10-frames/s) to achieve high resolution images and
real-time video [33]. Using UWB systems, this capacity can be achieved since
UWB radio links can support up to 100 Mbps in short-range implant commu-
nications [34]|. Besides, new applications could appear such as high accurate
localization and tracking of in-body devices [35] or remote drug delivery and
biopsy extraction [36].

The main drawback of UWB systems for in-body communications is the
large attenuation suffered by UWB signals through human body tissues [37].
In addition, this attenuation increases with the increment of frequency since
the human body tissues are frequency-dependent [12]. Hence, a large num-
ber of validation must be performed to consider UWB technology as the best
candidate for this purpose.
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1.2 Motivation and Scope

The international standard for WBANs (IEEE 802.15.6) establishes the basis
for in-body communications. MICS band is the frequency band used when at
least one involved node is implanted inside the human body. Even though
this band has a good wave propagation conditions and certain robustness, it
is mainly limited in terms of bandwidth.

UWB frequency band has emerged as a potential candidate for the revision
standard of in-body communications. Some studies point out how the losses in
the propagation medium increases dramatically with increments of frequency
[38]. Therefore, many more studies should be performed to validate this band
as the best choice. In addition, these losses could be compensated by means
of other techniques which profit from the benefits of UWB systems.

On the other hand, UWB in-body channel characterization is challenging.
The human experimentation is practically forbidden for obvious moral and
physical integrity reasons. As alternatives to channel characterization, there
are mainly two options:

e Mathematically, by using complex anatomical models embedded in an
electromagnetic computer software.

e Experimentally, either by laboratory tests or by using living animals on
in viwo experiments.

In both cases, transmitters and receivers involved in the communication must
work efficiently taking into account the propagation medium around them.

With regard to experimental characterization, the availability of surgical
rooms and the medical staff to perform in vivo measurements is limited.
Nonetheless, validation by using values of living tissues is practically manda-
tory. In order to make accurate measurements in laboratory tests, the mea-
surement setup is high relevant. The element which would replace the human
tissues has to be able to reproduce the dielectric properties of these tissues with
high accuracy to obtain realistic values. In literature, chemical compounds
known as phantoms try to imitate this properties at certain frequencies [39],
[40]. However, it is practically impossible to find phantoms which imitate the
complex permittivity of human tissues within a large bandwidth.

This thesis is focused on UWB channel characterization from an experimen-
tal point of view. To achieve this goal, firstly new UWB antennas are designed
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and miniaturized to work in this medium efficiently. On the one hand, a high
accurate phantom, which achieves the best approximation of complex per-
mittivity of the human muscle tissue within UWB so far, is used to perform
massive measurements. Besides, diversity techniques to enhance the channel
performance are tested from these measurement campaigns. On the other
hand, the phantom-based values are thoroughly compared and discussed with
in vivo measurements performed in a surgical room by using a living animal.

The main goals to be attained in this thesis can be summarized as follows:

1. Design and manufacture UWB antennas to be implanted as well as to
work over the skin surface. Testing the most popular design procedures
and evaluating new methods of antenna miniaturization and optimization.

2. Development of a new measurement setup to perform high accurate ex-
perimental measurements.

3. Study the UWB propagation channel in several propagation scenarios by
laboratory tests and in vivo measurements. Discussion of the results.

4. Assessment of the impact of diversity techniques such as Time-reversal
or Maximal ratio Combining on the in-body channel performance.

1.3 Thesis Overview

The organization and content of each chapter of this thesis is summarized
below.

Chapter 2 describes the novel measurement setup developed for this thesis.
It explains the set-up of every pieces of equipment used to perform experi-
mental channel measurements. For experimental measurements in laboratory
facilities, a new accurate UWB phantom is presented. For both phantom-
based and #n vivo measurements, two different software tools are programmed
in order to control and synchronize all the devices involved in. Both software
tools are described throughout this chapter. In this thesis, two phantom-based
IB2IB and IB20B scenarios are considered to recreate the propagation through
human tissues. Both scenarios are detailed as well. Finally, the measurement
setup and methodology for in vivo experiments are shown.

In Chapter 3, new UWB antennas for biomedical applications are designed,
miniaturized and optimized. On the one hand, a new discone monopole an-
tenna is designed by using the most popular miniaturization procedure for
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implantable antennas. On the other hand, a well-known UWB monopole an-
tenna is miniaturized and optimized using a different approach. A CPW-fed
antenna is optimized taking into account the dielectric properties of the human
tissue from the first design stage. Thus, it is tried to keep the features that
this antenna has in free space. The impact of this new approach in channel
performance is assessed as well. This optimization technique is also used to
design and evaluate new slot antennas as on-body receivers.

Chapter 4 is focused on UWB channel characterization by phantom-based
and in vivo measurements. The pieces of equipment, software tools and the
methodologies explained in Chapter 2 are used throughout this chapter. Re-
sults are divided considering the application scenario (IB2IB and 1B20B). For
both of them, a large number of measurements are obtained by phantom-based
setups. The path loss is obtained and the best approximation model is assessed.
Besides, a thorough comparison with other related works of literature is carried
out. The diversity of the channel is also evaluated from a experimental point
of view in both scenarios.

In the IB2IB setup, the effect of locating the transmitter and receiver at
different heights in channel performance is studied. The correlation is tested
in transmission and reception.

In the IB20B scenario, the losses and diversity are assessed for the whole
available bandwidth as well as for subbands of 500 MHz in order to evaluate
the frequency dependence of UWB in-body radio channel characteristics. Fur-
thermore, the differences in channel performance by using different on-body
receivers are evaluated and discussed. Finally, a comparison between phantom-
based and in vivo measurements is provided.

Chapter 5 is devoted to apply methods based on diversity techniques to
enhance the channel performance. On the one hand, the Time-reversal signal
processing is used in a phantom-based IB2IB scenario. As previous step, the
reciprocity of the channel is evaluated. On the other hand, the maximal ratio
combining technique is applied in an IB20B scenario by using several receivers.
The channel impulse response is reconstructed from the received signal and the
transmitted pulse by means of the CLEAN algorithm. The accuracy of this
algorithm is assessed for this purpose. Finally, the gain in the Signal-to-Noise
ratio is obtained and discussed.

This thesis concludes with the Chapter 6 where the general conclusions are
summarized. Future research lines derived from this work are also cited at the
end of this chapter.
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Chapter 2

Experimental Measurement
Setup

This chapter is devoted to explaining the different measuring equipment as
well as the software tools that synchronize and control them. Besides, the
phantom-based and in vive measurement setups are detailed as well.
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2.1

Introduction

2.1.1 Reproducing the Propagation through Living Tissues

Implanting devices into human subjects in order to carry out validations
of new radio technologies is not possible due to obvious ethical and physical
reasons. Therefore, performing UWB in-body channel propagation measure-
ments is challenging. To solve this issue, there are several ways to reproduce
the transmission through body tissues:

16

e Complexr computations by electromagnetic software tools. In literature,

a large number of research studies based on measurement campaigns by
using sophisticated and well-known electromagnetic simulation software
tools such as Computer Simulation Technology (CST) or Ansys High
Frequency Electromagnetic Field Simulation (HFSS) can be found [13],
[41]-[43]. Here, accurate human anatomical models are embedded into
the software. The shape of the human body is reproduced as well as
the external and internal organs and tissues. To every human tissues, the
complex permittivity value is assigned (dielectric constant and loss factor)
within the operating bandwidth. The most popular models are the CAD
and voxel models extracted from the U.S. National Library of Medicine
under the Visible Human Project [44] (see Figure 2.1). Nonetheless, there
are more human anatomical models of different ages, genres and even an-
imal models [45], [46]. The greatest disadvantage of using anatomical
models embedded in software tools is that these complex tools are not
able to reproduce all the real conditions such as blood pressure, peristal-
sis, breathing, and so on. Such complex computations performed by using
accurate anatomical models could imply the need of an expensive simu-
lation cluster. Besides, the results obtained from simulation tools could
be considered as an ideal case. This is due to the fact that other pieces
of equipment involved in the communication scenario are not taken into
account such as the cables, the antennas after manufacturing process, and
SO on.

Ezxperimental measurements. Using antennas, pieces of equipment and so
on. This group can be split into two subgroups:

— Laboratory facilities. Chemical solutions, which emulate the elec-
tromagnetic behavior of human body tissues (i.e., complex relative
permittivity), have been used in order to recreate the propagation
through human tissues. These mimicking materials are known as



2.1 Introduction

“phantoms” and have been used in previous propagation studies [13],
[47]. The main benefit of performing laboratory tests with phantoms
is that this is a cost-effective solution and the measurements are rel-
atively easy to perform on a daily basis. Besides, a large amount of
measurements can be performed due to the high availability of the fa-
cilities. Figure 2.2 shows a phantom-based measurement setup. The
main drawback is that the phantom needs to be tuned in the whole
band under test as accurate as possible [39]. This may not be an
inconvenient in narrow band systems since in a strait bandwidth the
complex permittivity is practically constant. Nevertheless, reproduc-
ing the complex permittivity of human tissues in a large bandwidth
can be an unrealizable task since these values vary at each frequency
point. In fact, only a few number of phantoms are provided for wide
frequency bands. An aqueous solution of sugar has been reported
as UWB phantom [40], but its behavior is far from the real val-
ues reported in [12]. Other attempts have been made for wideband
phantoms, but their accuracy decreases as frequency increases [48].
In particular, the reported phantoms of muscle for wide bands show
a quite bad approximation above 4 - 5 GHz [49], mainly regarding
the conductivity part.

In vivo. The measurements are performed using living animals such
as pigs [50]-[52] (see Figure 2.3). It is often preferable to choose a
porcine subject given the high similarities between pigs and human
beings in terms of size, weight, dielectric features as well as the layout
of internal organs and tissues. Therefore, using animal subjects could
achieve a reliable solution to reproduce the transmission through the
human tissues. However, animal experimentation is highly restricted
in a large number of countries. Furthermore, the cost of each surgery
as well as the low availability of the medical staff make difficult the
use of this methodology with high periodicity.
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Figure 2.2: Experimental phantom-based measurement setup.
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Figure 2.3: In vivo measurements. Antenna implanted in the abdominal region of a porcine
subject.

2.1.2 Frequency-Domain Channel Sounder

Experimental measurements of the in-body propagation channel are obtained
by a specific testbed. A Vector Network Analyzer (VNA) triggers a frequency
sweeper to obtain the frequency response of the channel with a certain res-
olution (see Figure 2.4). The resolution is given by the selected bandwidth
and the frequency points chosen for the sweep. The resolution in frequency
impacts at the time resolution of the impulse response measurement in the
time domain.

In each frequency point, the S-parameter test set sends a known signal at
port 1 and monitor the received signal at port 2. This procedure allows the
VNA to determine what is known as complex frequency response of the channel
(H(f)) or the forward transmission coefficient (S2;). To obtain the response in
time domain, the Inverse Discrete Fourier Transform(IDFT) processing gives
a band truncated version. From H(f), the channel impulse response (h(7)) is
obtained from the Inverse Fast Fourier Transform (IFFT) of H(f) within N
resolution points.
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Figure 2.4: Frequency domain channel sounding [53].

Apart from measuring the So; parameter, other scattering parameters like
the reflection coefficients are measured by the VNA. These parameters would
be S, S11 and Sy, in a system with 2 ports.

2.2 Phantom-based Measurements

In this section, in-body propagation scenarios are emulated by means of
high accurate liquid phantoms which emulate the electromagnetic behavior of
human body tissues within a frequency range. In this way, the UWB in-body
channel can be characterized in realistic conditions.

2.2.1 UWB Phantom

The high restrictions in human experimentation force to find other ways
to reproduce the same propagation conditions of body tissues. From an ex-
perimental point of view, it becomes necessary to employ a tissue-equivalent
medium which mimics the electromagnetic behavior of the human body tis-
sues. Phantoms, which imitate the dielectric properties (i.e., complex relative
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permittivity), have been used in order to recreate the propagation through
human tissues [13].

Imitating the propagation through different tissues can be an unrealizable
task. Reproducing a body multilayer model can produce inaccurate results
since tissue-like layers should be separated with plastic materials or similar.
Nonetheless, human body tissues located in both thoracic and abdominal re-
gion such as muscle, heart, skin or small intestine, have very similar complex
permittivity values [12]. Accordingly, the use of a single-tissue phantom of the
human muscle tissue is one of the most widespread approaches [42], [47]. More-
over, liquid phantoms are the most suitable in order to have free movement as
well as to place implantable devices on different locations.

For our experimental measurement campaigns, an aqueous solution which
imitates the dielectric properties of human muscle tissue is used. Specifically,
the proposed phantom is composed of 54.98% acetonitrile and 1.07% NaCl.
This phantom achieves the targeted conditions within UWB spectrum with
high accuracy [54]. Besides, it is quite easy to prepare as follows: firstly,
salt and acetonitrile are poured into a beaker in their corresponding amount.
Then, the required mass is filled with water and stirred for minutes until its
dissolution. Phantom has been designed to work at 24 degrees Celsius which
is a common room temperature. At such temperature, the solution reproduces
the dielectric values of human muscle tissue at body temperature [12]. The
variation of its dielectric properties with temperature is about +0.8 units per
degree Celsius for the dielectric constant, and +0.11 units per degree for the
loss factor. The use of acetonitrile, a polar molecule that gets a dielectric
constant values similar to those of muscle within a wide frequency range, is
the key factor to obtain a high accurate approximation of human muscle tissue
at UWB frequencies. Moreover, the addition of salt increases the loss factor so
the tissue's behavior is better imitated in both parts of the complex relative
permittivity (see Appendix A).

Figure 2.5 shows the complex relative permittivity of the muscle-like phan-
tom, i.e., dielectric constant (see, Figure 2.5(a)) and loss factor (see Fig-
ure 2.5(b)), compared to the reported measured values for the real muscle
tissue [12].
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Figure 2.5: Measured relative permittivity of the UWB phantom compared to the values
of human muscle tissue reported in [12]

This phantom is the most accurate imitation of the human muscle tissue
within 0.5-26.5 GHz frequency range so far. For the phantom-based measure-
ment setup used in this thesis, this phantom is chosen.
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2.2.2 Measurement Setup

For every assessed propagation scenarios, a large amount of measurements
has been provided by means of a novel accurate 3D spatial experimental setup.
Accordingly, a VNA, a 3-axis positioner and a tracking system are controlled
and synchronized by a homemade program. In the following sections, the
involved hardware and software as well as the methodology are detailed.

2.2.2.1 Vector Network Analyzer

During measurements, the four scattering parameters (S11,52,51,512) are
obtained by means of a Keysight E5072A ENA VNA which works up to 8.5
GHz. This piece of equipment is shown in Figure 2.6. The VNA is calibrated
through a full 2-port calibration by using a calibration kit Rosenberger 03K30R
in order to suppress the effect of the cables and connectors. The two antennas
used in each measurement campaign are connected to port 1 and 2 of the VNA
by means of two coaxial cables. Specifically, the transmitting and receiving
antennas are connected to port 1 and 2, respectively.

Figure 2.6: Keysight Vector Network Analyzer.

2.2.2.2  Tracking System

In order to characterize the propagation channel, the distance between trans-
mitter and receiver must be known. For our experiments, this distance is
obtained by a trackstar™3D electromagnetic tracking system. This guidance
system consists of a mid-range transmitter (hereafter referred to as tracking
unit), two magnetic sensors and a desktop electronics unit (see Figure 2.7).
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Each sensor has a diameter of 0.9 mm. The tracking unit generates a track-
ing volume and measures the absolute position XYZ of the sensors within this
volume. The origin of coordinates is located at the center of the tracking unit.

The scale factor of the generated volume can be set. This is related to the
size of the area that the generated volume covers. As the scale factor increases,
the precision of the system decreases. This scale factor is represented by the
values 36, 72 and 144 in inches.

From the absolute location of the sensors, the distance between them is
computed. The error of the tracking system is lower than 1.4 mm per sensor.
The tracking unit and sensors are connected to the desktop electronics unit
which integrates the power supply as well as the USB port to send the collected
data to an external device such as a computer, laptop, etc.

Figure 2.7: Tracking system. (a) Mid-range transmitter, (b) sensor, (c) Desktop electronics
unit [55].
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2.2.2.3 S-axis Automatic Positioner

The study of the propagation channel in a large amount of in-body locations
is carried out mounting the transmitting antenna in a robotic arm (hereinafter
referred to as the positioner). Three coils rotate a sheave system which moves
the robotic arm across the three spacial directions. The coils are powered by
two stepper motors. One step is equivalent to a movement of the robotic arm
of 0.05 mm. The error of this positioner is lower than 0.254 mm per c¢m in
each axis.

Moving one, two or three coils at the same time, the positioner can trace a
linear movement in either one, two or three axes. The origin of coordinates
or the reference position of the positioner is located in one of the corners as
can be observed in Figure 2.8. From this position, the robotic arm can be
moved into a XYZ mesh of 30 x 30 x 10 cm?®. The positioner can be moved
to absolute locations into the XYZ mesh, e.g., from (0,0,0) to (15,12,3). Also,
the positioner enables to perform relative movements in every axes.

,r ——— |5 __;5
-_J . r
J?zrfl;s H
| X
w'.;z Y o) I o

Figure 2.8: XYZ linear positioners [56].
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Figure 2.9: Step motors and coils [56].

2.2.2./ Measurement Setup

In this section, the phantom-based measurement setups used in each prop-
agation scenario are described. Two antennas which act as transmitter and
receiver are used. According to the standard [8], two different scenarios are
reproduced:

e In-Body to In-Body (IB2IB), where both antennas are considered to be
located inside the human body (S; scenario in the standard).

e In-Body to On-Body (IB20B), where the in-body transmitting antenna
is considered to be located inside the body whereas the on-body receiver
is placed over the human body surface (S, scenario in the standard).

In order to reproduce the communication for WBAN networks in a reliable
way, the elements involved in the reproduction of the propagation scenarios
play a crucial role. The phantom container should emulate a cross section
of the human body to obtain realistic results. In the scenarios previously
described, a Polypropylene (PP) container has been used. The container di-
mensions are 30 x 30 x 15 cm?® with negligible wall thickness. These dimensions
have been chosen to imitate a cross section of the human body torso [41]. In
fact, the considered values are widely used in simulation setups using voxel
models which are designed from the dimensions of real human bodies [57].
The liquid phantom is poured into this PP container. Before being submerged
into de UWB phantom, implantable antennas are covered with a layer of latex
so that the physical contact between antennas and liquid phantom is avoided.
the choice of the latex rubber is because it is widely used in healthcare environ-
ments. The antennas are carefully wrapped in order to remove the air as well

26



2.2 Phantom-based Measurements

as achieve an air-tight seal. Previously, the magnetic sensors are attached to
the center of both antennas. It is worth mentioning that it has been tested that
the attached sensors do not affect to the radiation parameters of the antennas
at all.

During measurements, the positioner held and placed the transmitting an-
tenna within a XYZ mesh into the liquid phantom. From an initial position,
the in-body transmitter is moved by the positioner in steps of Ax, Ay, Az along
the three axes (relative movements) to a final position describing a rectangu-
lar grid of measurement points. The receiver is fixed either into the phantom
(IB2IB, see Figure 2.10) or over the container (IB20B, see Figure 2.11). Dur-
ing measurements, the positioner stopped in each measurement point until the
VNA and the tracking unit had finished the data acquisition. The tracking
unit is placed close enough so that the generated tracking volume completely
covered the area where the measurements are performed

Positioner

Coaxial
cable

oA T
Az 7 . é‘_ ;‘,:."\i
{,{ % In-Body, *
P : :l?rénsin'rfter \
T - / In-Body v X
\*' AY Receiver
Ax Tracking
Liquid phantom \

unit
PP container

Figure 2.10: IB2IB phantom-based experimental measurement setup
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Figure 2.11: IB20B phantom-based experimental measurement setup

2.2.2.5 Custom Measurement Software

As mentioned in previous sections, the information related to distance be-
tween antennas is provided by the tracking system; the scatter parameters are
measured by the VNA; and the antenna is moved by the positioner to (x,y,z)
locations in a XYZ mesh. In order to work in a coordinated manner, the three
pieces of equipment must be controlled and synchronized since they work inde-
pendently to each other. Besides, the direct intercommunication among devices
is not possible because they use different programming languages. Therefore,
a software tool is needed to send and receive the commands of each device and
manage them properly. For that, a custom software has been programmed to
solve this task. Visual Basic (VB) has been the chosen programming language
due to the fact that VB owns a large number of useful interoperability libraries.

In Figure 2.12 the main interface of the custom software is shown.

As can be observed in Figure 2.12, there are three buttons at the center of
the window and two panels named as Positioner and VINA. The description of
each field of the VNA panel are the following:

e Start Freq (GHz). Initial frequency value in Gigahertz (GHz).
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Figure 2.12: Custom program interface for phantom-based measurement campaigns.

e Final Freq (GHz). Final frequency value in Gigahertz (GHz).
e IF BW (kHz). Resolution bandwidth in kilohertz (kHz).

e Power (dBm). Output power from the ports of the VNA in decibel-
milliwatts (dBm).

e Traces. Number of the traces that the VNA takes of each scatter pa-
rameter in a measurement point.

e Folder Name & Txt File Names. The software creates a folder name
where the measurements will be saved. The measured values of the VNA
and the tracking unit dump the collected data into this folder.

Regarding the Positioner panel, the following options can be configured:

¢ Movement

— Absolute. The positioner moves the robotic arm from the reference
location to a position entered by the user.
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— Grid FExcel. The positioner moves the robotic arm from the reference
position to different locations which are indicated in a excel file.
The path of the excel file is shown on the positioner panel as “Excel
Path:".

— Clircular. The robotic arm describes a circle centered in the middle
of XY plane. User has to enter the radius in cm.

— Grid Points. The positioner moves the robotic arm into a XYZ
mesh describing a grid of measurement points. The step resolution
(Deltax, Deltay, Deltaz) is entered by the user. The user also es-
tablished the initial and final points of the grid.

Finally, the buttons located at the center of the software interface have the
following functionality:

e Calibration. Open a new window to calibrate the VNA and the po-
sitioner. The VNA takes the values entered on the VNA panel (right
panel in Figure 2.12) and the positioner is calibrated according to the
movement selected on the Positioner panel (left panel in Figure 2.12).

e Measure. Take a trace of the forward transmission coefficient (Sa;).

e Initial Position. Change the reference location to the position where
the positioner is currently located.

The software activates and deactivates its functionalities following a protocol.
First of all, the devices have to be calibrated. The software has been designed to
do a sequential calibration. Firstly, the VNA is calibrated through a full 2-port
calibration. Then, the positioner and the tracking system are calibrated as well.
Once all the devices are calibrated, the software enables the functionalities of
the Positioner panel as well as the buttons Measure and Initial Position.

As can be observed in the Positioner panel, four kind of movements can be
selected. Throughout this work, the Grid Points option is chosen to measure
within a XYZ mesh of measurement points with the resolution entered by the
user. In each point of this XYZ mesh, the positioner stops and the VNA
and the tracking system measure the scattering parameters and the distance
between antennas, respectively. On the one hand, the number of times that the
VNA measures the scattering parameters in a measurement point is entered
by the user in the field Traces. On the other hand, 500 measurements of the
sensor locations in each spatial point are obtained and averaged in order to
reduce the precision error of the tracking system.
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k=k+1

Figure 2.13: Algorithm of Grid Points movement.

The algorithm that the software follows in a measurement campaign choosing
Grid points is detailed in Figure 2.13. The user has to enter a initial position
P1(P1,,P1,,P1,), a final position P2(P2,,P2,, P2,) and the resolution in
each axes (Ax, Ay, Az) in cm. The number of points in which the positioner

stops in each axis are k., = [%L Momar = {Pz%ymﬂ and Nppar =
[m%zplﬂ, being P2, > P1,; P2, > P1,; and P2, > P1,. Firstly, the posi-

tioner is moved Ax in X axis from the initial position (P1(P1,as, P1,, P1,)).
Then, the positioner stops until the VNA and the tracking system measure the
scattering parameters and the distance between antennas. Once both pieces
of equipment have ended the measurements, the counter k is updated and this
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procedure is repeated until P2, < P1, + k x Az. Afterwards, the positioner
goes back to the initial position in X axis (kK = 0) and is moved Ay in Y axis.
The same occurs in the Z axis in steps of Az. In essence, there will be a XYZ
mesh of £ X m X n measurement points.

2.3 In vivo Measurements

Despite the low availability of surgical rooms and staff, the validation of
phantom-based laboratory tests by means of measurements with living tissues
is highly relevant. Living subjects is a multilayer tissue model consisting of
organs, skin, bones and so on. Besides, the blood flow, the breathing and
other physiological phenomena of living tissues form the structure of a living
body. Hence, the differences between phantom-based and in vivo measurement
results must be checked to confirm the reliability of the first ones. In this
section, the in vivo measurement setup is detailed. In order to perform these
measurements, a pig subject is chosen due to the high similarities between pig
and human anatomy. Since the time into the surgical room is limited, only
IB20B measurements have been performed.

2.3.1 Living Animal Subject

The animal subject used to the in wivo measurement campaign is a female
pig which weighs 80 kg, approximately. Previously to the animal experimen-
tation, two strict ethical committees have been approved by public organisms
such as the Hospital Universitari i Politécnic La Fe (HULAFE), the Universi-
tat Politecnica de Valéncia (UPV) and other regional authorities. The useful
purpose of the measurements and the whole detailed medical procedure had
to be demonstrated in the aforementioned committees.

2.3.2 Measurement Setup

Likewise the IB20B scenario described in section Section 2.2.2.4, the in-body
antenna acted as a transmitter, whereas the on-body one acted as a receiver.
In this case, the on-body receiver is in direct contact with the animal skin.
The in-body antenna is covered by latex rubber in order to avoid the damage
of the antenna due to the internal fluids. Previously, a sensor of the tracking
system is attached to the center of the antenna. Furthermore, other sensor
is attached to the on-body receiver to compute the distance between antenna
centres. As in the phantom-based setup, the antennas are connected to the
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ports 1 and 2 of the VNA by means of two coaxial cables. The attached sensors
are connected to the desktop electronics unit by two flexible cables provided
by the manufacturer. More details about the VNA and the tracking system
can be found in Section 2.2.2.1 and Section 2.2.2.2, respectively.

Firstly, the living porcine subject is anesthetized. Afterwards, the in-body
antenna is placed in several locations of the abdominal region (see Figure 2.14).
Specifically, the antenna is placed among the guts of the small intestine by
means of a laparoscopy (see Figure 2.15). The abdominal region of the pig
subject is filled with carbon dioxide (C'O,) up to 14 millimeters of mercury
(mmHg) of pressure. Then, the in-body antenna is placed in the desired loca-
tion using tweezers. The correct placement of the in-body antenna is controlled
by a internal camera. Once the antenna is implanted in the sought position,
the belly is emptied of COs,.

ke Trachea

Thymus gland
Thyroid gland

Heart

Diaphi
Gallbladder iaphragm

Liver

Stomach

Spleen

Kidney
Large intestine
(spiral colon)

Figure 2.14: Pig anatomy [58].
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Figure 2.15: In-body antenna placed among the guts of the small intestine. Picture taken
by the laparoscopic camera.

Whereas the in-body antenna is fixed in a location inside the animal subject,
the on-body antenna is placed in several positions over the pig's belly. The
on-body receiver is placed in several ventral locations (positions numbered
from 1 to 13 in Figure 2.16). These positions are separated multiples of A,
being A the wavelength corresponding to the central frequency of the frequency
band under test considering the propagation speed in the muscle tissue. In
each of these on-body positions, the VNA and the tracking unit measure the
scattering parameters and the position of the antennas, respectively. It should
be mentioned that the on-body antenna is covered by a isolator layer made by
a ferrite material to avoid the creeping waves and other external contributions
(see Figure 2.17).

2.83.2.1 Measurement Software

In order to perform the in vivo measurements, the VNA and the tracking
system have to be used to collect the values of the scattering parameters and
the location of the transmitter and the receiver, respectively. According to
that, a modified version of the software described in Section 2.2.2.5 has been
programmed for this purpose. For this particular case, the commands to con-
trol the VNA and the tracking system are only included. Figure 2.18 shows the
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Figure 2.16: Locations of the on-body receiver over the pig's belly.

Laparoscoplc system

\

‘\

Figure 2.17: On-body receiver placed on the belly and covered by the isolator layer.

interface of the custom program for this purpose. As can be seen in Figure 2.18,
the new software has three main panels. The Calibration panel located at the
top of the window calibrates both the VNA and the tracking system by means
of the button named as Calibrate. The VNA is pre-configured with a par-
ticular configuration (frequency, power, etc.) in order to avoid unnecessary
waste of time since the time inside the surgical room is limited. The VNA is
calibrated through a full 2-port calibration with the following parameters:

e Output power = 8 dBm
e Resolution bandwidth = 3 kHz
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4. Channel

Calibration
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Folder Name
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Figure 2.18: Custom software interface for in vivo measurement campaigns.

e Initial frequency = 3.1 GHz
e Final frequency = 5.1 GHz
e Resolution points = 1601

e Traces =5

The Save and Reload buttons save the current calibration files and load the
last saved calibration in both devices, respectively. The Tracker panel shows in
real-time the distance between the sensors of the tracking system. The refresh
time of the display is 0.5 seconds. Knowing the distance between sensors in
real-time is relevant to know how deep the inner antenna is. The size of the
generated volume by the tracking unit can be selected in this panel as well.

The Measurement Configuration panel includes three fields and a but-

ton:

e Scenario. A folder with the scenario name is generated.
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2.8 In vivo Measurements

e Folder Name. A folder with the name detailed in this field is generated

into the scenario folder.

e File Name.

from the VNA and the tracking system.

The name of each file which includes the measurements

e Measure. By clicking on this button, the VNA and the tracking system
measure. Then, a file is filled with the collected measurements.

As in section Section 2.2.2.5, the tracking system takes 500 measurements
of the current position of the sensors attached on the antennas. Each mea-
surement of the tracking system and VNA takes 20 seconds, approximately.
The procedure that the software follows to calibrate, name the files and mea-
sure is depicted in Figure 2.19. Firstly, the VNA and the tracking system are
calibrated. Then, when the Measure button is clicked, the VNA measures
the scattering parameters and the tracking system takes the position of the
attached sensors. The obtained values are saved in the file and folders named
by the user. During the whole measurement campaign, the distance between
antennas is shown in the Tracker panel depicted in Figure 2.18.

Calibration
or
Reload

* VNA

® Tracking
system

easurement
(20 seconds)

 Scatter

parameters
* Sensor
coordinates

Distance

between
sensors in
real-time

0.5 seconds;

Figure 2.19: Algorithm of the software for in vivo measurements.
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Chapter 3

UWB Biomedical Antennas

In order to assess the UWB channel performance in a reliable way, the an-
tennas involved in the communications with implants play a key role. In this
chapter, two procedures to miniaturized and optimized UWB antennas for in-
body communications are assessed and discussed. On the one hand, a new
antenna model is designed by means of the most extended procedure of an-
tenna miniaturization. This part of the thesis are the result of a short-term
stay in the Technische Universitdt of Dresden. On the other hand, a new
approach to design implantable and on-body antennas is tested.
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3.1 Introduction

In order to achieve a realistic experimental characterization of the UWB in-
body channel, the antennas involved in the communication play a crucial role.
The radio channel characteristics is strongly influenced by the antenna behavior
in this propagation medium [43]. In-body, on-body and off-body antennas must
comply specific requirements which depend on the medical application.

3.1.1 Antenna Fundamentals

38.1.1.1 Antenna Parameters in a Lossy Medium

The impedance of an antenna is defined as the ratio between the electrical
tension and current at its input terminals [59]. Normally, this is a complex
impedance. The real part is named as the antenna resistance, whereas the
imaginary one is known as reactance. Figure 3.1 depicts the equivalent cir-
cuit of an antenna structure. The antenna is fed by a transmission line with
characteristic impedance of Zy. The antenna impedance is expressed as follows:

ZA:RL+RT +jXA> (31>

where R, and R, are the loss and radiation resistances, respectively, and X 4
is the antenna reactance.

Considering the expressions for an antenna working at free space, in the case
of a lossy medium, the radiation resistance can be expressed from the radiated
power in far field with a input current as [60]:

P, P(0, ¢)r?sin 0dod
R =" = J 26, p)r* sin L) (3.2)
I? I?
being P (0, ¢) the density power in a lossy medium expressed in spherical co-
ordinates. The module of P(0, ¢) is defined as:
E2
‘ ’ . 6_20”:| ’ (33)

P=%x
Zm

2ar

where e 2" is a decay factor to compensate the attenuation caused by the lossy
medium (« would be negative in a lossy medium); Z,, is the wave impedance
in the lossy medium.

Also, the radiation resistance and E-field are different compared to that in
free space because of the changes in the current distribution. This is by the
fact that the presence of the lossy medium.
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Transmission line Antenna
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Figure 3.1: Scheme of antenna structure [61].

The antenna efficiency, 77, and the reflection coefficient, p, are determined
by:

R,
pu— 7’ 3.4
g R.+ Ry ( )
and the reflection coefficient, p, is determined by:
Za— Zo
=== = 3.5
P= 7 17 (3.5)

being Z4 the antenna impedance.

The impedance of the transmission line should be matched with that of the
antenna in order to reduce p as much as possible. Ideally, Z, is the complex
conjugate of Z,. It is worth recalling that the reflection coefficient is the
magnitude of the reflected power at the port connected to the antenna, i.e.,
Syn VM = N, being M and N less or equal to the number of ports. A really
good antenna matching is achieved when the reflection coefficient is below -10
dB within the desired bandwidth [59].
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3.1.1.2 Radiation Pattern in Near and Far Field

The radiation pattern is a graphic representation of the radiation properties
of the antenna as a function of the space coordinates [60]. In spherical co-
ordinates, the radiation pattern as a function of the E-field can be expressed
as:

E(r,0
C(r,0,¢) = M (3.6)
|E<T7 0’ SO) ‘7nam r=constant
Also, it can be expressed as a function of the radiated power as:
P(r,0
T(r0,p) = —L008) (3.7)
|P(T7 07 SO) ’maz r=constant

Therefore, T(r,0,p) = C*(r,0,p).

Depending on the distance to the antenna, r, the electromagnetic radiated
field can be simplified in three different region. These field regions can be
determined by the maximum dimension of the antenna, D, and the wavelength,
A. It is worth mentioning that these conditions are valid for D >> A.

e Reactive near field or Rayleigh region. Region influenced by the charges
and current of the antenna as well as the reactive radiated power.

A
r < % (38)

e Radiating near field or Fresnel region. As the the distance to the antenna
increases, the radiated fields begin to appear. However, they still depend
on distance.

—<r< — (3.9)

o Far field or Fraunhofer region. Flectric and magnetic fields are not in-
fluenced by the charges and currents of the antenna in this field region.
From this distance, the radiated power can be considered as a plane wave.

2D?

A (3.10)

r>
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Isotropic Directive Omnidirectional

Figure 3.2: Types of radiation pattern [61].

On the other hand, three radiation patterns can be distinguished. These
are the isotropic, directive and omnidirectional (see Figure 3.2). An isotropic
antenna is whose radiated power is uniformly sent in all the space directions.
It represents a perfect spherical shape. Actually, it is not possible to get
an isotropic antenna. However, this radiation pattern is useful to compare
these characteristics with other kinds of antennas. A directive antenna has
a maximum of the radiated power in some direction in space. Finally, an
omnidirectional antenna equally radiates in all directions of a plane.

8.1.1.8 Directivity and Gain

Directivity

The directivity is the relation between the radiated power density in a direc-
tion and the power density which an isotropic antenna would radiate at equal
radiated power. The directivity can be expressed by:

D(0, ) = %jtp) (3.11)

4mr?

The maximum directivity is obtained from the radiation pattern of the an-

tenna as:
Pmaa:

[ [ P(8,p)r? sin 0dodep

4mr2

Diaw = (3.12)
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Gain

The antenna gain is defined as the relation between the radiated power den-
sity and the power density which an isotropic antenna would radiate at equal
distances and power supplied to the antenna (P).

P(0,¢)

Ps
4mr?

G(ev (P) -

(3.13)

The antenna directivity is related to the gain. The relation between the
power supplied to the antenna and the radiated power is known as ohmic

losses or antenna efficiency:
P,
=5 (3.14)

Hence, the relation between gain and directivity can be expressed as:

G(0,¢) =naD(0, ). (3.15)

3.1.2 Qverview of UWB antennas for Biomedical Applications

3.1.2.1 UWB Implanted Antennas

In order to achieve a realistic experimental characterization of the UWB
in-body channel, miniaturized antennas play a crucial role. The overall di-
mensions of implantable antennas should be suitable to be implanted inside
the human body. Furthermore, achieving high data rates occupying the whole
UWB bandwidth is one of the most relevant challenges of UWB antennas.
Besides, in-body antennas should have an omnidirectional radiation pattern
at all frequencies to communicate with an on-body sensor array, an external
reception system or other implanted devices placed on different parts of the
human body. For example, the capsule endoscope moves uncontrollably inside
the gastrointestinal tract. By using a omnidirectional radiation pattern, the
probability to losing the communication is lower than that of an antenna with
a directive pattern.

As mentioned, the size and shape of the in-body antenna is constrained to the
medical application in which it will be used. For instance, in [62], a UWB loop
tiny antenna to be implanted inside the brain is presented. Research works
of antenna designers are focused on designing efficient antenna candidates for
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Figure 3.3: UWB implantable antennas. (a) For capsule endoscope [33]. (b) Loop antenna
to be implanted into the brain [62]. (c¢) Flexible implantable antenna [63].

future UWB capsule endoscopies. In [33], authors bet on using a dielectric
resonator antenna to be embedded in the dome of the capsule. In [64], an
helical and a loop antennas are conformed over the dome, whereas authors in
[63] use a flexible shaped antenna attached to the body of the capsule.

Even though UWB is a potential candidate for future in-body communica-
tions, the literature is lack of antenna candidates to work within this band
efficiently. So many technologies and novel innovative design procedures must
be undertaken to perform reliable validation tests within this band.
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Figure 3.4: Manufactured UWB On-Body antenna model [66]

3.1.2.2 UWB On-Body Antennas

As mentioned above, according to the locations of transmitters and receivers,
different communication scenarios can be considered. Regarding the IB20B
scenario, Sy in the standard, the implanted antenna is located inside the human
body whereas the on-body antenna is placed over the human body surface.
With regard to the on-body antenna, a compact structure to be embedded
in different structures is needed. For example, on-body receivers are usually
located in the patient's waist in a typical scenario to communicate with a
capsule endoscope [65]. Patients do not remain in hospital and continues his
daily life. So, the external system must not be too bulky.

On the other hand, concerning the antenna parameters, the antenna match-
ing should be ensured within the whole frequency band of interest. More-
over, the radio waves within this frequency band should have fair penetration
through the human tissues in order to establish a proper link with an implanted
antenna. For these antennas, a directive radiation pattern is preferable instead
of a omnidirectional one [66]. This is due to the fact that on-body antennas
communicate with a implanted device in one direction. There are several ways
to focus the power and thus reduce the backward radiation. One of them could
be the inclusion of a reflecting plane [60], or even the use of an optimal sensor
array [67].
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3.2 UWB Implantable Antennas

In literature, a high number of UWB on-body antenna designs for on-body to
on-body (OB20B) and on-body to off-body (OB20OFF) communications can
be found [68]-{70]. However, the literature is lack of UWB on-body antennas
for in-body communications. Many more efficient antenna models for UWB
such as horn, patch, slot and so on, should be designed and tested as candidates
to work in this specific application.

3.2 UWB Implantable Antennas

In order to perform reliable UWB in-body measurements, antennas play
a crucial role. In in-body communications, the channel characteristics are
highly influenced by the antenna performance compared to that in free space.
The harsh propagation environment could change the radiation parameters
and decrease the efficiency of the antennas dramatically due to the frequency-
dependence of body tissues [12].

Implantable antennas have to comply specific requirements in terms of size,
shape and radiation parameters such as the radiation pattern, antenna match-
ing, and so on. To profit from UWB systems, new in-body antenna designs
should achieve a bandwidth as large as possible. In this section, two design
procedures for UWB implantable antennas are assessed and discussed.

3.2.1 Typical Procedure for In-Body Antenna Models

3.2.1.1 Overview

In-body antenna design is challenging. Implantable antenna models have
particular peculiarities which have been taken into account at the design stage,
unlike antenna models designed to work in free space. The propagation medium
is not the air. In this context, it is essential to consider the dielectric properties
of human body tissues since they can affect the antenna characteristics. The
most extended procedure to design implantable antennas takes the free space
validation of the antenna as a starting point. In literature, related research
works take the average value of the muscle tissue at UWB frequencies in order
to design a feasible UWB implantable antenna [38]. This is by the fact that
the average value of the dielectric constant of the human body torso at UWB
frequencies is nearly 0.6 times that of the human muscle tissue [39], [71].

As mentioned above, the propagation medium is not the free space. In
fact, the effective wavelength of the antenna is shorter in comparison with the
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wavelength in free space. The relationship between the wavelength for body
tissues and for free space is:

Aoss = Re*[(; I

where A s is the effective wavelength, )y is the wavelength in free space, €,
is the permittivity of vacuum and e, is the relative permittivity of the human
body tissue.

(3.16)

The typical procedure to optimize and miniaturize in-body antennas profits
from this shorter wavelength. Mostly, implantable antenna models are designed
to work in free space in a first stage [33]. Thus, the in-body antenna is designed
to work at higher frequencies since, when it is implanted into the human tissues,
a shorter wavelength is expected [72|. Therefore, the resonance frequency
should shift down as the antenna is implanted. A Shortening Factor (SF) of
the wavelength can be considered. This SF is obtained from the relationship
between the wavelength in free space and the wavelength in the human tissue

as: A\
SF ="
Aes f

(3.17)

When the bandwidth is large, the shortening factor should be averaged since
the dielectric properties of human vary with frequency [12]. At UWB fre-
quencies, from 3.1 - 10.6 GHz, this SF is around 7.2 considering the complex
permittivity values of human muscle tissue. Hence, for antenna designs at
UWB frequencies, the resonance frequency of the candidate antenna should be
located between 20 and 25 GHz on free space, approximately.

3.2.1.2 UWRB In-Body Antenna Candidate

The antenna model is influenced by the application. Regarding implantable
or ingestible transmitters, they should comply to strict features in terms of
size or shape. Hence, the most suitable antenna model for the final purposes
should be carefully studied.

WCE is a widely used wireless device which takes images from the inside
of the gastrointestinal tract [4]. The antenna for the WCE should comply
with the constrains in terms of dimensions in order to be embedded inside the
capsule. Besides, an UWB antenna for WCE should be matched within the
frequency range of interest. According to the commercial capsule dimensions,
the design specifications for a UWDB antenna for WCE should be the following:

48



3.2 UWB Implantable Antennas
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Figure 3.5: Wireless capsule endoscopy structure [33].

o Operating environment. Tissues of abdominal region. Communicating
with either body surface or external antenna.

o Fitting inside capsule volume. The size of WCE is 11 mm in diameter and
26 mm in length. As can be observed in Figure 3.5, the antenna should
take up one-sixth of the overall size of the capsule, approximately.

o Antenna maching within UWB frequencies. The antenna matching should
be within 3.1 - 10.6 GHz. It is preferable that the antenna matching was
at the lower part of the UWB spectrum since the losses in this region are
lower [12].

o Impedance bandwidth. Matching to 50 Ohms within the maximum achiev-
able bandwidth.

o Radiation pattern. In order to communicate with a sensor array located
around the waist, an omnidirectional pattern is preferred.

According to the aforementioned requirements, conical skirt monopoles or
discone antennas could be a good candidate owing to its really compact struc-
ture, its omnidirectional radiation pattern within the entire frequency range
and its large bandwidth. This kind of antenna is widely used within UWB
frequency band [73], [74]. Hence, these kinds of antennas could comply with
the requirements of the WCE.
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3.2.1.8 Discone Antenna Features

As mentioned in section Section 3.2.1.2, discone antennas can be a fair candi-
date as UWB antenna for the WCE. They have a physical structure according
to the hemispherical part of the WCE. Besides, their radiation pattern is omni-
directional within the entire frequency range and presents a large bandwidth.

Discone antennas are a monopole. These are a variation of the biconical
one adding a small disc as ground plane. They can be considered a kind of
modified dipole. These modifications are often used to obtain wide bandwidths
without increasing complexity. Thus, these antennas can be manufactured in
a non-complex way. The discone antenna consists of a circular disc and a
cone. The disc is typically smaller than the maximum diameter of the cone
(see Figure 3.6). The tip of the cone is frequently truncated and the antenna
fed between the tip of the cone and the disc. The cone is often capped to
improve performance. The upper part of the cone is usually flared more than
the remainder of the cone to decrease the cone height. Precise construction
of the area near the feed is important since this region determines the high
frequency performance. The discone antenna is generally fed by means of a
coaxial cable running through the cone.

-~ Coax
.’ n_#m\;ter\‘.
Ry Y
f

Figure 3.6: Discone antenna parameters.

According to Figure 3.6, each part of the antenna is parameterized as:

e A = Ground plane diameter.

B = Side length of the cone.

Gap = Spacing between disc and conical structure.
e C = Maximal diameter of the cone.

Coax outer = Minimal diameter of the cone.
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The main characteristics to be considered to optimize the model are the
following [75]:

e Decreasing the whole antenna structure, the operating frequency can be
increased.

e In order to mitigate the ripples on the reflection coefficient, increase the
cone diameter C.

e In order to vary the input impedance, increase/decrease the flare angle
(angle between the center and the side of the cone).

Apart from these characteristics, it should be highlighted that the dielectric
features of human tissues can produce modifications in the initial antenna
design.

38.2.1.4 Antenna Design

Free Space Validation

Considering the dimensions of the discone antenna described in Section 3.2.1.3,
the first antenna design has been optimized to work at higher frequencies. It
should be mentioned that the coaxial cable which feeds the antenna has been
considered from this starting stage. Thus, more realistic results are obtained.
The chosen coaxial cable is a 502 RG405 whose diameters of the inner and
outer conductors are 0.51 mm and 1.68 mm, respectively. This cable has been
selected since the final antenna design has to be really tiny due to the size of
the capsule.

Computer Simulation Technology (CST®) software has been chosen for the
analysis of the antenna designs. After a parametric sweep of simulations, the
best antenna matching within 20 - 30 GHz has been obtained with the following
dimensions:

e A —10.25 mm
e B—=10.91 mm
e C=12.99 mm

gap = 0.5 mm

e coax_outer = 1.68 mm
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The antenna model in free space is shown in Figure 3.7.

b4

L

z

Figure 3.7: Discone antenna model in free space.

The return loss is depicted in Figure 3.8. As can be observed, the resonance
frequency is around 25 GHz and the antenna has a -10dB bandwidth of 10
GHz, approximately. Regarding the input impedance of the antenna in free
space, the real part is close to 50€) from 23 to 28 GHz and the imaginary part
is quite low within these frequencies (see Figure 3.9 and Figure 3.10).
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Figure 3.8: Reflection coefficient of discone antenna designed to work at high frequencies
(Free space).
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Figure 3.9: Real part of the input impedance of discone antenna (Free space).
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Figure 3.10: Imaginary part of the input impedance of discone antenna (Free space).
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Figure 3.11: Discone antenna embedded into the capsule endoscope.

Simulation Setup

In simulation, one of the most relevant challenges in order to reproduce
a realistic in-body scenario is the setup. In our particular case, the antenna
should be embedded in a WCE. Therefore, the shape of the capsule as well as
the material are attempting to be reproduced. According to Figure 3.5, the
antenna is embedded in the upper part of the capsule which has a hemispher-
ical shape. The external material is polyethylene with a thickness of 0.1 mm,
approximately. Taking into account the aforementioned comments, the whole
structure has been reproduced in the simulation software as can be seen in
Figure 3.11. It is worth mentioning that the inner part of the capsule is filled
with air as in real conditions.

Apart from the WCE, the human tissue layers should be included as well.
As mentioned in Section 2.2.1, the muscle tissue has been considered a fair ap-
proximation of the human abdominal region. Hence, the capsule is submerged
in a brick which has the dielectric properties of the human muscle tissue (see
Figure 3.12).

At this point, it can be noted that the antenna model for free space is not
small enough to be embedded in the upper part of the dome of the capsule.
Nevertheless, it is important to know what is the effect of both added layers
in the radiation parameters. Therefore, the diameter of the capsule has been
enlarged up to the diameter of the discone antenna (see Figure 3.13). Thus,
a first approximation is obtained. The return loss considering both layers is
shown in Figure 3.14. As can be seen, the resonance frequency shifts down
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Figure 3.12: Capsule endoscope and antenna wrapped with the phantom layer.

considerably compared to that of free space. This is by the SF explained in
Section 3.2.1.1. Here, the resonance frequency is around 10 GHz.

So, there are two main issues in order to get a proper discone antenna model
for the WCE. On the one hand, the antenna should be resized in order to
be embedded in the dome of the capsule. On the other hand, the resonance
frequency should shift down where the losses of the propagation medium are
lower.

Figure 3.13: XY cross section of the discone antenna and capsule.
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Figure 3.14: Reflection coefficient of the embedded antenna into the capsule endoscope
and wrapped with the phantom layer.

Resizing and Optimization of the Antenna Model in Free Space

As mentioned in the previous section, the antenna should be resized in order
to fit into the capsule. Introducing some steps in the conical structure could be
an optimization technique to resize the antenna [74]. In this way, the current
flow in the side of the cone is kept. Besides, as mentioned in [74], the height of
these steps can vary the resonance frequency. Nevertheless, the maximal coni-
cal radius would not vary its diameter and should be decreased. As mentioned
in Section 3.2.1.3, this could affect the input impedance of the antenna.

The use of magneto-dielectric composites is other solution widely used in
order to reduce the size of the antenna. The technique consists in filling the
antenna with a ferrite (see Figure 3.16). Thus, the antenna can be resized, i.e.,
miniaturized.
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Figure 3.15: Discone antenna model with 15 steps.
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Figure 3.16: Discone antenna filled with ferrite.

After several simulations including a ferrite material with a dielectric per-
mittivity of 5, the resonance frequency is shifted down and the antennas has a
overall size to be embedded:

e A =825 mm
e B—291 mm
e C =799 mm

e gap = 0.51 mm

Although the antenna is miniaturized, the resonance frequency only shifted
down by 0.3 GHz and the overall size is not small enough for the WCE. Besides,
the bandwidth is narrower than without this dielectric material.
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Other technique used in low frequencies to reduce the antenna size consists
in using a back cavity that surrounds the cone of the antenna [76]. Using this
technique, a really compact structure maintaining the current flow path can be
achieved. Accordingly, this technique is applied here to assess its performance
at high frequencies for this specific purpose.

¥

A

=

Figure 3.17: Discone antenna optimized by back cavity technique

After resizing and optimizing the antenna with the back cavity, a suitable
overall size for the WCE is achieved (see Figure 3.17). The new antenna
dimensions are the following:

e A =425 mm
¢ B =296 mm
e C =242 mm
e Gap = 1 mm

Radius of upper circle = 3.5 mm

Height of external cylinder = 2.96 mm
As can be seen in Figure 3.18, the antenna is tuned within the low part of
UWRB frequency range. The bandwidth is 1.04 GHz, approximately.

Regarding the input impedance, in Figure 3.19, one can observe that the
real part of the impedance is lower than 50 ). This decrease in the real part of
the impedance can be produced by the lossy propagation medium along with
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the tiny dimensions of the antenna. Therefore, a matching network between
the antenna and the coaxial cable would be necessary.

'
&)]

KN
o

KN
(6]

Reflection coefficient (dB)
N
o

-25

-30

35) J
-40 \ \ ‘ ‘ ‘ ‘

1 2 3 4 5 6 7 8
Frequency (GHz)

Figure 3.18: Reflection coefficient of the discone antenna optimized by back cavity tech-
nique
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Figure 3.19: Real part of the input impedance of the discone antenna optimized by back
cavity technique
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Figure 3.20: Imaginary part of the input impedance of the discone antenna optimized by
back cavity technique

Improvement of Input Impedance. Including a Short Wall

As noted, the overall size of the antenna and the lossy propagation medium
can be critical points as regard to the input impedance of the antenna. Con-
sidering the input impedance values obtained with the back cavity technique
depicted in Figure 3.19, a matching network should be considered in order to
keep 50 2 within the bandwidth. Furthermore, matching networks can improve
the bandwidth as well. The main issue of matching network designs is that
this is not a methodical process and usually is based on trial and error method
[77]. Besides, this matching network should be included in the antenna model
so that the overall size would be larger. Therefore, other techniques should be
considered to increase the input impedance maintaining the large bandwidth
achieved. Omne of this technique could be the inclusion of a short wall. In this
particular case, the short wall would be connected between the conical struc-
ture and the ground plane. In Figure 3.21, the discone antenna with a short
wall is depicted.
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¥

A

Figure 3.21: Discone antenna optimized by back cavity technique and short wall

As mentioned before, the main goal consists in keeping the large bandwidth
as well as achieving an input impedance of 50 €2 within the whole bandwidth.
Including the short wall, the dimensions of the antenna are:

e A =799 mm
e B =391 mm
e C =425 mm

Gap = 4.25 mm

Radius of upper circle = 3.5 mm

Height of external cylinder = 2.96 mm

Radius of short wall = 2 mm

In Figure 3.22 and Figure 3.23, the return loss and input impedance of the
antenna with back cavity and short wall is shown. As can be observed, the
input impedance increases by including the short wall. Regarding the antenna
matching, it is kept within the low part of UWB frequency band.
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Figure 3.22: Reflection coefficient of the discone antenna optimized by back cavity tech-
nique and short wall
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Figure 3.23: Real part of the input impedance of the discone antenna optimized by back
cavity technique and short wall
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Figure 3.24: Imaginary part of the input impedance of the discone antenna optimized by
back cavity technique and short wall

Back Cavity Discone Antenna with Short Wall. Lossy Materials

At this point, it is important to consider the materials which the antenna will
be manufactured. The antenna model shown in Figure 3.21 is designed with a
Perfect Electrical Conductor (PEC) surface. This PEC layer has been replaced
by a copper layer with 1 mm of thickness (see Figure 3.25). Besides, the losses
in the material has been taken into account as well. It should be mentioned
that this change in the material could vary both the return loss and the input
impedance. In order to keep the bandwidth and the impedance achieved with
the last antenna model, a parametric sweep is performed. Afterwards, the
discone antenna reached the following size parameters:

e A =86 mm

e B =391 mm
e C—=6.84 mm
e gap — 1.5 mm

Radius of upper circle = 3.5 mm
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e Height of external cylinder = 2.96 mm

e Radius of short wall = 2 mm

Figure 3.25: Discone antenna optimized by back cavity technique and short wall including
a copper layer of 1 mm of thickness.

As can be seen in Figure 3.26 and Figure 3.28, a bandwidth of 1 GHz and a
impedance really close to 50 2 is achieved with the realistic antenna model.

Reflection coefficient (dB)

\— S11 shorted cavity (Copper layer 1 mm) \
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Figure 3.26: Reflection coefficient of the discone antenna optimized by back cavity tech-
nique and short wall including a copper layer of 1 mm of thickness
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Figure 3.27: Real part of the input impedance of the discone antenna optimized by back
cavity technique and short wall including a copper layer of 1 mm of thickness
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Figure 3.28: Imaginary part of the input impedance of the discone antenna optimized by
back cavity technique and short wall including a copper layer of 1 mm of thickness
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After designing the discone antenna to work at high frequencies, a large
number of trials by using different optimization techniques have been per-
formed without success. Including steps on the structure or ferrite materials
with different dielectric features have not given the expected results. Finally,
a bandwidth of, approximately, 1 GHz (700-800 MHz) within the low part of
UWB spectrum with an input impedance close to 50 €) is achieved with the
back cavity technique with a short wall.

Manufactured Antenna. Validation

Once the antenna complies with the requirements in terms of size and ra-
diation parameters, it can be manufactured. The manufacturing process as
well as the antenna validation was performed on the Technische Universitét
Dresden facilities. Due to the tiny dimensions of the antenna structure, it has
been made by a 3D printer. 3D printers can produce a large number of differ-
ent pieces with high accuracy. Currently, the limitation of these devices come
from the materials that they can use to print each layer. For this reason, the
antenna was manufactured with a material which is quite similar to the copper
and is available to be used in a 3D printer. The chosen material is a kind of
aluminium. In Figure 3.29, the manufactured antenna model is shown.

Figure 3.29: Manufactured discone antennas.

To reproduce the considered measurement setup faithfully, the antenna has
been inserted in a polyethylene capsule (see Figure 3.31). Afterwards, the
structure has to be submerged into the liquid phantom. Therefore, the cap-
sule is sealed with a blue tack. Finally, the antenna is introduced in a bucket
where the liquid phantom is poured. The phantom used is a sucrose solu-
tion (C12H22011/1.0m) that emulates the electromagnetic behaviour of the human
muscle tissue with certain accuracy at UWB frequencies [40]. In Figure 3.30,
the relative permittivity of prepared phantom is compared with the reported
measured values for the real muscle tissue reported in [12].
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Figure 3.30: (a) Dielectric constant and (b) loss factor values of the phantom described in
[40] and the real values of the human muscle tissue [12].

Figure 3.31: Discone antenna embedded into a polyethylene capsule.

A Keysight Fieldfox Network Analyzer is used. The Network Analyzer is

calibrated through a full-port calibration from 0 to 25 GHz.

The antenna

is connected to the port 1 of the Fieldfox Network Analyzer. The measured
reflection coefficient and the input impedance are depicted in Figure 3.32 and
Figure 3.33, respectively. As can be observed, the reflection coefficient is below
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-10 dB in the low part of the UWB spectrum (from 3 to 5 GHz). On the
other hand, the resistance is close to 50 ) within this frequency range and the
reactance is checked to be close to 0.
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Figure 3.32: Reflection coefficient of manufactured antenna
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Figure 3.33: Real and Imaginary part of the input impedance of the manufactured discone
antenna
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3.2.2 Direct Antenna Design Procedure

3.2.2.1 Overview

As mentioned in Section 3.2.1.1, most of works related to UWB implantable
antennas apply the typical procedure for antenna miniaturization and opti-
mization (see Figure 3.34). In this approach, the antenna is miniaturized
in order to work at higher frequencies than UWB [33|. Then, the antenna is
wrapped with a human body tissue which has a high dielectric constant. Thus,
the bandwidth is shifted down since the wavelength is shorter [72]. However,
the effectiveness of this approach may not be as high as expected in antennas
with large bandwidth due to the frequency dependence of dielectric features
of body tissues. As a consequence, a large bandwidth within the frequency
range of interest could be unattainable. As seen in Section 3.2.1.1, it is quite
complicated to optimize the antenna after being designed to work in free space.
Besides, the bandwidth is not as wide as expected.

Antenna
matching

Design in Wrap the Shorter

free space antenna wavelength

* High with tissue
frequencies layer

within lower
frequencies

-_— A‘O
*Aert = retya

Figure 3.34: Most extended procedure for antenna optimization and miniaturization

In order to assess the UWDB channel performance at the highest number
of frequency points, the antenna matching should be as large as within this
frequency range. In this section, a new optimization approach is presented (see
Figure 3.35). Here, the in-body antenna is wrapped with a human tissue layer
since the initial designing stage. Then, a miniaturization and optimization
procedure is directly applied considering the real materials of the antenna.
Concretely, a well-known antenna model is chosen and then it is miniaturized
and optimized in order to keep the parameters that it has in free space.
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Figure 3.35: New approach of miniaturization and optimization. Direct antenna design
technique.

3.2.2.2  Simulation Setup & Antenna Candidate

Achieving high data rates occupying the whole UWB bandwidth is one of the
most relevant challenges of UWB antennas. Besides, in-body antennas should
have an omnidirectional radiation pattern at all frequencies to communicate
with an on-body sensor array or an external receiver. Applying the direct
antenna design procedure proposed here, a broadband and omnidirectional
antenna is tried to achieve.

o

Figure 3.36: Candidate antenna wrapped with phantom layer.
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Figure 3.37: UWB optimized planar antenna dimensions.

As a first candidate to use this new designing approach, an UWB planar
monopole with Coplanar Waveguide (CPW) feeding and circular patch is pro-
posed. This kind of antenna presents a really compact structure, omnidirec-
tional radiation pattern, linear polarization and broadband characteristics in
free space [78]. As mentioned above, the antenna is wrapped with a human
tissue layer since the initial designing stage (see Figure 3.36).

Instead of doing an antenna design with PEC material, lossy materials has
been considered from the beginning to obtain more realistic conditions in the
design stage. Both the copper and the dielectric layers have been included in
the antenna model. As dielectric material, the Rogers 4003 substrate is chosen,
which has a relative permittivity of 3.28 and a thickness of 0.813 mm.

3.2.2.8 Miniaturization & Optimization Procedures

As mentioned, the miniaturization and optimization procedures are carried
out at the same time with this new approach. The overall size of the antenna is
reduced, while several optimization techniques are considered in order to keep
the characteristics that this kind of antenna has. The final antenna design is
depicted in Figure 3.37.
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The bends in the ground plane are thoroughly studied in order to keep
the omnidirectional radiation pattern when the antenna is implanted. Fur-
thermore, a specific gap between the patch and the ground plane is carefully
chosen in order to widen the bandwidth (L, = 1 mm). Moreover, the shape
of the patch is elliptical in order to enlarge the bandwidth as well. This is in
contrast to [78] where the patch is circular. The rest of antenna dimensions
are depicted in Figure 3.37.

In Figure 3.38, the simulation in CST of the gain pattern in the XZ-plane
is shown. The simulations are performed by considering the theoretical values
of the permittivity for the human muscle tissue at UWB frequencies reported
in [12]. From Figure 3.38, one can observe that the antenna exhibits a quasi-
omnidirectional radiation pattern in XZ-plane at UWB frequencies.

(deg,dB)

270 |
240 /120
— 3.1GHz
7777777777 4.1 GHz
..................... 5.1 GHz
— —— 6.1 GHz

Figure 3.38: Gain pattern of the miniaturized antenna in the human muscle tissue at 3.1,
4.1, 5.1 and 6.1 GHz.
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3.2.2.4 Testing

The manufactured planar antenna presented in the previous section is de-
picted in Figure 3.39. This antenna was fabricated and measured at iTEAM
research facilities.

Figure 3.39: Manufactured UWB antenna which is miniaturized and optimized by the
direct antenna design procedure.

Hereinafter, we refer to this antenna as the miniaturized antenna. After
the manufacturing process, the antenna matching should be checked within
the frequency band of interest. To validate the antenna working in an in-
body environment, the sucrose liquid phantom described in [40] is used (see
Figure 3.30).

In order to measure the return loss (S;;), the antenna is submerged at a
depth of 8 cm into the phantom which is poured into an extruded polystyrene
foam container. The polystyrene container dimensions are 22 x 22 x 16 cm3
with a wall thickness of 40 mm. The antenna has been previously covered
and isolated with a layer of latex rubber to avoid the physical contact between
the submerged antenna and the phantom in order to prevent a short-circuit of
the printed board elements as well as to protect the antenna and connectors.
Subsequently, the antenna is connected to an Agilent Technologies™™ ENA
E5072A VNA. The VNA is calibrated through a full port calibration within
the entire frequency band 3.1 - 8.5 GHz in order to remove the cable effects.

The simulated and measured results for the S;; are depicted in Figure 3.40.
It is worth mentioning that the effect of the latex rubber which covers the
antenna is practically negligible, since this layer has not been considered in
the simulations and the curves are quite similar. It can be noted that the
three curves exhibit a similar behaviour within all frequency points. Also,
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emphasize that all values are below -10 dB in the three cases. Therefore, it
can be concluded that the miniaturization approach proposed in this section
keeps the antenna matching within the entire frequency band. In addition,
it should be highlighted the great similarity between simulated and measured
results.

-10 - I S11 Smulated (Phantom) [
P Sll Smulated (Muscle)

S 1 Measured (Phantom) ]

Return Loss (dB)

Frequency (GHz)

Figure 3.40: Measured and simulated return loss from 3.1 to 8.5 GHz

It should be pointed out that the miniaturized antenna has a low radiation
efficiency due to the high losses of the surrounding medium (see Figure 3.41,
Figure 3.42). These losses are in part responsible for the low S;; values and
for the broad matching bandwidth of the antenna. However, as will be shown
in Section 3.2.2.6, the received power values are high enough to establish a
communication channel in different scenarios despite the low efficiency of the
miniaturized antenna. In any case, applying the direct antenna design proce-
dure achieves a large bandwidth within the whole available bandwidth faster
and more efficient than the conventional one explained in Section 3.2.1.1. Be-
sides, the radiation pattern is kept with this technique.
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Figure 3.41: Real part of the input impedance of the miniaturized antenna.
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Figure 3.42: Imaginary part of the input impedance of the miniaturized antenna.
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Figure 3.43: Transmitting and receiving UWB antennas.

3.2.2.5 Experimental Propagation Measurement Setup

In order to assess the direct miniaturization technique, the performance of
the miniaturized antenna is compared with a larger UWB monopole used in
[51] as implanted antenna. This UWB monopole has an overall size of 50 x 40
mm?. More details can be found in [79]. Hereinafter, we refer to this antenna
as the large one. On the left-hand side of Figure 3.43, this large antenna is
shown. Regarding the overall size of the miniaturized antenna in comparison
with the large one, it has been reduced by a factor of nearly 2.2 times.

In order to evaluate the performance of the antennas, an IB20B and an
IB20FF setups are considered. These two scenarios are emulated by using the
setup depicted in Figure 3.44.

Coaxial
Cable

Coaxial
Cable

Miniaturized
Antenna Large

Antenna

Liquid Phantom

1B20B
t +

IB20OFF

Figure 3.44: Measurement setups for each scenario.
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As mentioned above, the performance of the miniaturized antenna is as-
sessed. To achieve this goal, the measurement campaign reported in [51] is
replicated by changing the in-body antenna for our miniaturized antenna. That
is, the inner antenna used in the setup depicted in Figure 3.44 is the miniatur-
ized antenna, meanwhile in the same phantom-based setup described in [51]
the large antenna is used as implanted antenna. In both cases, another large
antenna with the same features is used as receiving antenna.

According to Figure 3.44, the liquid phantom is poured into the polyethylene
container as in Section 3.2.2.4. In order to avoid the physical contact with the
phantom, the implantable antenna is covered again with a layer of latex rubber
and submerged into the phantom at a depth of 8 cm. The external antenna is
placed in a vertical position out of the container. In each scenario the antennas
are properly oriented to achieve a co-polarized mode, i.e., the antennas are
placed facing each other with the same polarization. The transmitting and
receiving antennas are connected to port 1 and port 2 of the VNA, respectively.

Regarding the IB20DB scenario, the submerged antenna is moved away from
the internal container face, whereas the on-body antenna is placed and fixed
outside over the external container wall. The spacing between the internal
container face and the inner antenna is d;,. The thickness of the container
wall is disregarded as proposed in [13]. The measurements are made with an
initial antenna separation of d;, = 20 mm, which is increased in steps of 10
mm up to 80 mm backwards in a straight line.

Considering the IB20FF scenario, the submerged antenna is fixed to a dis-
tance of d;, = 40 mm into the phantom, whereas the off-body antenna is moved
away from the external container face. The distance between the external con-
tainer face and the off-body antenna is d, .

3.2.2.6 Resulls

From measurements, the forward transmission coefficient So(f,d, k) is ob-
tained, where f is the frequency value, k is the snapshot number and d is the
distance between antennas. Before the data processing, k¥ = 5 snapshots are
averaged in order to measure the Signal-to-Noise ratio (SNR). After averaging
the samples, the 521( f,d) is obtained. The relative received power as a func-
tion of frequency for a given separation distance between antennas is computed
as:
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2

P(f7d) = 521(f7d)

(3.18)

IB20B

Figure 3.45 depicts the relative received power obtained from each pair of
antennas in the IB20B scenario. From this figure, one can observe that the
noise level is located at a received power around -120 dB.

From the results, it can be noted that the frequency responses of the channel
are very similar, especially when the distance between antennas is lower than
50 mm. On the one hand, the frequency drop is explained by the fact that the
antenna gain falls down with the increment of frequency (see Figure 3.38). On
the other hand, this drop is also related to the propagation medium, since the
received power always decreases as the frequency raises [12].

As can be observed in Figure 3.45, the slope is steeper as the separation
distance between antennas increases. For instance, using the large antenna for
a separation distance of d;, = 40 mm, the received power decreases from -56.3
dB at 3.1 GHz to -70.7 dB at 4.1 GHz, whereas for a separation distance of d;,
= 50 mm it decreases from -64.7 dB to -85.1 dB in the same frequency points.
In the same way, considering the miniaturized antenna, the power decreases
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Figure 3.45: Relative received power as a function of the frequency in the IB20B scenario
for different values of d = d;, when (a) the large and (b) the miniaturized antennas acted
as transmitters.

from -57.1 dB to -73.6 dB for d;,, = 40 mm and from -65.1 dB to -86.3 dB for
d;, = 50 mm. Therefore, comparing the power decay with frequency of each
pair of antennas within the frequency band 3.1-4.1 GHgz, a difference of 2.1 dB
for d;, = 40 mm and 4.7 dB for d;, = 50 mm is obtained, being the received
power higher when the large antenna is used.

When the spacing between antennas is higher than 50 mm, the behaviour of
the received power varies depending on the inner antenna used. The received
power drops considerably as the separation distance between antennas is in-
creased when using the large antenna. It can be produced by the multipath
effect as well as the efficiency of this antenna for these scenarios in comparison
with the miniaturized one. Moreover, the received power is around the noise
floor for frequencies above 6 GHz using both transmitting antennas.
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IB20FF

Figure 3.46 shows the relative received power as a function of frequency
in the IB20FF scenario. In this scenario, it can be observed that the noise
level is approximately at a relative received power of -110 dB.

The received power is higher using the miniaturized antenna from 3.1 to 6
GHz for all distances. One can also observe how the power has a smoother
decrease from 4 to 6 GHz in case of using the miniaturized antenna. For both
antennas, the received power does not vary significantly when d s is increased.
This is explained by the fact that, in this scenario, the increments of d,;; are
performed being the air the propagation, whereas the inner antenna is fixed.
On the contrary, the relative received power for IB20B scenario decreased
considerably with the increments of d;, since, in that case, the outer antenna
is fixed and the inner antenna is moved inside the phantom. Besides, it can be
noted that using both antennas the relative received power is around the noise
floor above 6 GHz as well.

Conclusions of the Comparison of the Two Antennas

The results presented in the previous sections comparing the performance
of both antennas evidence that the antennas have a similar behaviour in both
propagation scenarios. Using either of the two antennas, the relative received
power is around the noise floor above 6 GHz. The results also shows the
positive impact of designing the in-body antenna considering the propagation
medium from the initial designing stage. In this way, a tiny UWB antenna,
which maintains a quasi-omnidirectional radiation pattern and its bandwidth,
can be achieved in order to perform reliable measurement campaigns to eval-

uate UWB .

3.3 UWB On-Body Antennas

As mentioned, implantable antennas are designed to work inside the body. In
the design stage, the human body tissues are considered since they change the
characteristics of the antennas. In this section, new UWB on-Body antennas
are assessed and discussed as antenna candidates to communicate with in-
body devices. In order to achieve a large bandwidth, the direct antenna design
procedure is applied.
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Figure 3.46: Relative received power as a function of the frequency in the IB20FF scenario
for different values of d = d,sy when (a) the large and (b) the miniaturized antennas acted
as transmitters.
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3.3.1 Simulation setup € Antenna Candidates

Since there are not many UWB on-body antenna models in literature, well-
known technologies should be considered as possible candidates. Slotted patch
antennas can achieve large bandwidths with low-profile structures within UWDB
[80], [81]. Other relevant feature of this kind of antenna is the low and compact
profile of its designs as well as the versatility and adaptability of its models.

In this section, several UWB on-body slot patch antenna models are pro-
posed and optimized by the direct antenna design procedure explained in Sec-
tion 3.2.2. These antenna models have been designed and optimized by con-
sidering the most relevant human tissues of the abdominal region as proposed
in [82]. The simulations consider the human body as a multilayer tissue model
[83]. In particular, the multilayer model depicted in Figure 3.47 is considered.
CST sotware is used to perform the antenna design.

The antenna is placed over five different tissue layers. These layers corre-
spond with the main human body tissues involved in the transmission from the
small intestine to the body surface as proposed in [82]. The antenna is con-
sidered to be in physical contact with the skin. The thickness of each layer is
depicted in Figure 3.47. The dielectric properties of human body tissues, elec-
tric conductivity and relative permittivity, were provided by C. Gabriel [12].
From the Gabriel's data the dielectric features of human muscle tissue within
UWB frequency range are used in CST in order to perform the simulations.

Small Instestine Wall 0.5 mm
Fat,, er2 15 mm
Muscle 10 mm
Fat . e 20 mm 7
Skin 1.5mm
UWB Antenna

Figure 3.47: Multilayer Antenna Model for the CST simulations.

Two UWB on-body slotted patch antennas have been designed, miniaturized
and optimized considering the requirements mentioned in Section 3.1.2.2. In
both slot antenna designs, a fork-shaped microstrip feeding line structure is
chosen. This is by the fact that this kind of feeding can get larger bandwidth
than that obtained with a conventional one [84|. Besides, a really compact an-
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tenna structure can be achieved by using this feeding technique. In Figure 3.48,
the proposed feeding structure is shown.

Wioo
L
d. 100
Wioo
Lsy
X
L.
Wso

Figure 3.48: Fork-shaped microstrip feeding line.

The fork-shaped structure is based on two symmetrical 100 € microstrip
lines which are connected in parallel to the 50 € feed line. The microstrip
feeding line width (Wsg), the stubs width (W), and the separation between
the two stubs (d,), are computed in order to achieve an input impedance of 50
Q). Otherwise, the microstrip length is Lso and the stubs length is Ljgy. The
dimensions of the feeding line are provided in Table 3.1.

Table 3.1: Dimensions of fork-shaped feeding line.

Parameter | Value (mm)
Wso 6.38
Wioo 4.30

ds 18.13
Lso 12.67
100 17.90

The first design consists in a conventional rectangular-shaped slotted patch in
free space. The antenna structure is miniaturized and optimized by considering
the five-layered model described in Figure 3.47 and the direct miniaturization
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Figure 3.49: Proposed slotted patch structures.

technique explained in Section 3.2.2. In this case, the antennas are in direct
contact with the tissue layer on one side instead of being completely wrapped
by the tissue. The second design adds two circles at the ends of the slot to
enhance the impedance matching in a wider range of frequencies. These two
designs are depicted in Figure 3.49.

The ground plane dimensions are G; and G,. The rectangular slot and the
slot with circles have a width of S,, and a length of S;. The distance between
the edge of the slot and the centre of the circle is ¢, and the radius of the circle
is r. Finally, the gap between the slot and the upper edge of the ground plane
is g. The dimensions of the slots are summarized in Table 3.2.

Table 3.2: Dimensions of slot models.

Parameter | Rectangular slot (mm) | Slot with circles (mm)

G, 40.5 40.5
Gy 49.5 49.5

Sw 9.73 14.55

S 23.56 33.50

g 5.50 5.50

c - 1.41

r - 3

In order to receive the maximum power from sensors located inside the hu-
man body, it is important to focus the radiation pattern of the designed an-
tenna in the direction of interest. Considering the slot antenna theory, this kind
of structures presents an omnidirectional radiation pattern [60]. To increase
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the directivity of the antenna reducing the backward radiation, a reflecting
element is included. Figure 3.50 depicts the complete antenna structure in-
cluding a reflecting plane and the dielectric substrate. On the one hand, the
position and the size of the reflector are thoroughly studied in order to focus
the power radiation in the desired direction. After an optimization process, a
reflector length of R; = 50 mm, and a distance between the feeding structure
and the reflector of d, = 10 mm are chosen for this purpose. The width of the
reflector, R, is equal to that of the ground plane (G, ) in order to minimize
the overall size of the antenna. Moreover, a Rogers 3003 dielectric substrate,
which has a relative permittivity of 3 and a thickness of 1.524 mm, is used.

<« Reflectingplane
| Dielectricsubstrate

<——Ground plane Y

IlFeeding network
VA

Figure 3.50: Side view of the proposed antenna structure.

3.3.2 Simulated Results

3.8.2.1 Reflection Coefficient

As can be observed in Figure 3.51, the reflection coefficient values obtained
with the rectangular slot are below -10 dB from 4.31 GHz to 6.10 GHz, which
means an absolute bandwidth of 1.79 GHz and a relative bandwidth of 34.39
%. Moreover, it can be noted how the bandwidth improves by adding the
circles at the ends of the slot. In this case, the antenna matching covers from
3.18 GHz to 5.52 GHz, achieving an absolute bandwidth of 2.34 GHz at the low
part of UWB, and a relative bandwidth of 53.79 %. Besides, a matching band
is achieved from 5.9 GHz to 7.15 GHz, obtaining an absolute bandwidth of 1.25
GHz and a relative bandwidth of 18.80 %. Thus, the optimization of the shape
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Figure 3.51: Simulated reflection coefficient for the slotted patch structures within UWB.

of the slot by adding the circles implies an improvement of the bandwidth of
550 MHz and 19.40 % in absolute and relative terms, respectively.

8.83.2.2  Input Impedance
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Figure 3.52: Real part of complex impedance for each slot patch structure.
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Figure 3.53: Imaginary part of complex impedance for each slot patch structure.

As can be seen from Figure 3.52, the value of the resistance is stabilized
between 20 Q and 50 €2 from 3.1 GHz to 7.75 GHz in both designs. Moreover,
as can be observed in Figure 3.53, the reactance of the slot with circles is close
to zero up to 7.75 GHz. On the contrary, in the case of the rectangular slot, the
reactance is close to zero in a narrow frequency band. Since the performance
of the slot patch antenna with circles is better, hereinafter this antenna model
has only been considered.

3.8.2.3 Near-field Radiation Pattern

Considering that the implanted and the on-body antennas are close to each
other and the wavelength is shorter due to the dielectric properties of tissues,
it can be concluded that the antennas mainly work on the Fresnel region [60],
[72]. Accordingly, Figure 3.54 shows the near-field radiation patterns of the
slot with circles from 3.1 GHz to 6.1 GHz. The width of the tissue layers
match the width of the antenna in order to reduce the computational cost of
the simulations [61].
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Figure 3.54: Near radiated E-Field (dBV/m) in the human tissues.

As can be seen, the slot loaded with circles achieves good results in terms of
field penetration into the human tissues. However, as expected, both field pen-
etration and near-field radiating pattern get worse as the frequency increases.
This happens because the losses in the human tissues grow as the frequency
increases [12]. On the other hand, the effect of the reflecting plane can be
noticed. The electrical field is focused into the human tissues and the penetra-
tion through them increases. Moreover, the backward radiation is minimized
as expected.

3.3.3 Manufacturing € Testing

A prototype of the slot loaded with circles is fabricated at the iTEAM facil-
ities. In Figure 3.55, the manufactured model of this design is shown. In order
to hold the reflector plane and increase the consistency of the whole structure,
four nylon screws are included during the manufacturing process.

After the manufacturing process, the antenna performance is checked in
order to verify the accuracy of the simulation setup considered in the design
stage. Hence, S1; is measured over the belly of a human subject. The antenna
is placed over the human skin surface as can be seen in Figure 3.56. The
measurement setup is shown on the left-hand side of Figure 3.56. In order
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Figure 3.55: Manufactured prototype of the slot patch antenna with circles.

to measure the reflection coefficient, a Keysight N5227A VNA is used. The
VNA is calibrated through a full port calibration. To protect the antenna, and
avoid direct contact with the human skin, it is covered with a plastic bag in the
measurement process. On the one hand, the comparison between the simulated
S1; values of the slotted patch antenna with circles with those obtained on the
human belly are shown in Figure 3.57. It can be observed that both results are
in close agreement. The slight differences observed can be attributed to the
divergences between the thickness of the tissue layers of the human subject
used during the measurements and the thickness of the tissues used in the
simulation process, along with the use of the plastic bag. Nevertheless, Si;
values are still below -6 dB between 3 GHz and 5.3 GHz, achieving an absolute
bandwidth greater than 2 GHz within the low part of UWB.

On the other hand, the reflection coefficient of the slot patch antenna with
circles is obtained by using a living porcine model at the in vivo experiment
described in Section 2.3.2. The on-body antenna is placed in 13 different
locations on the belly of the pig subject. The obtained values are depicted in

Figure 3.56: Measurement setup.
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Figure 3.57: Simulated and measured reflection coefficient of the manufactured antenna.

Figure 3.58. Considering the mean values of all receivers shown in Figure 3.58,
the reflection coefficient values are below -10 dB from 3.3 GHz to 4.2 GHz and
from 5.3 GHz to 5.9 GHz, which means an absolute bandwidth of 0.9 GHz
(relative bandwidth of 10.7%) and 0.6 GHz (relative bandwidth of 10.7%). It
is worth mentioning that the mean values of the reflection coefficient are below
-6 dB within the whole frequency range under test.

Reflection coefficient (dB)

40 I I I
3 35 4 4.5
Frequency (GHz)

Figure 3.58: Reflection coefficient of the slotted patch antenna over the pig's belly.
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Chapter 4

UWB Channel Characterization

As mentioned in Chapter 1 of this thesis, UWB technology aims at en-
hancing the current in-body applications. Nevertheless, the main drawback of
using UWB for in-body applications is the high signal attenuation caused by
the human body tissues which increases dramatically with the increment of
frequency. Hence, an accurate UWB in-body channel characterization is nec-
essary in order to consider this band as the best candidate for future networks
of implantable nodes.

This chapter is devoted to the UWB in-body channel characterization. Two
in-body scenarios are considered depending on the location of the receiving
antenna: IB2IB and IB20B. Phantom-based and in vivo setups described in
Chapter 2 are used. Firstly, the losses in the propagation medium and the
diversity of the channel are assessed by means of these novel high accurate
phantom-based setups. On the other hand, the results obtained from the mea-
surements performed with these liquid chemical solutions in the IB20B sce-
nario are compared with the in vivo measurements. In this way, the reliability
of the phantom-based measurements are tested.
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4.1 Introduction

4.1.1 Promising In-Body Scenarios at UWB Frequencies

The international standard for WBANs (IEEE 802.15.6) was published and
approved in 2012 [4]. In this first version, MICS band was established as the
frequency band used when at least one of the nodes involved in the communica-
tion is implanted inside the human body. As mentioned in Section 1.1.2, these
scenarios are reflected on the standard in S; (implant to implant), S, (implant
to body surface) and Sz (implant to external) scenarios. Although new mobile
communication standards encourage the use of large bandwidths to improve
current applications, the medical standard has not been changed since its first
publication. This fact restrains the IEEE Std. 802.15.6 to allow high data rate
connections, which are achieved by other telecommunication services today in
force. UWB frequency band has emerges as a potential candidate for the next
generation of in-body devices because it can mitigate the limitations of the
current band.

A substantial improvement in technology has always led to unthinkable new
applications. High data rate wireless connections could make possible, for
example, to send high definition images to improve medical diagnosis. An
implant-to-implant communication scenario could be the intermediate step be-
tween an implanted network and a network outside the body. Internal nodes
would send the collected information among them and this information would
be sent to an external network using an intermediate node. The need of an
intermediate step is because the main drawback of in-body communications is
the high attenuation of human tissues at high frequencies [12|. Even though
some studies address in-body to in-body studies where all the nodes are im-
planted [41], the literature is lack of measurements for IB2IB configurations
within UWB frequency band.

Most popular propagation scenario in WBAN networks is the IB20B sce-
nario in which wireless communications are established between implanted
sensors inside the body and on-body antennas located over the skin surface.
This is the typical scenario of consolidated medical systems such as the cap-
sule endoscopy. As in the IB2IB case, a quantitative enhancement in these
systems would lead to countless new improvements in the wireless medical
field. Most popular UWB schemes are the pulse-based schemes, which use
large bandwidths, and multicarrier-based schemes, which split the available
spectrum in subbands. UWB impulse radio (UWB-IR) and multiband or-
thogonal frequency-division multiplexing (MB-OFDM) are examples of these
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transmission schemes, respectively. The use of this UWB transmission schemes
can considerably improve the performance of current medical devices such as
the capsule endoscopy.

4.1.2 Path Loss Models

The main radio channel feature reported in the literature is the path loss
and its fitting model. In this thesis, the attenuation of RF signal between the
input terminals of the transmitter and the output terminals of the receiver is
analyzed. ITU-R defines this attenuation as system loss. However, we use the
term path loss since it is commonly used in the related literature. Thus, the
comparison with other works can be performed easily.

As mentioned in Chapter 3, the VNA measures the forward transmission
coefficient Sy, which is the frequency transfer function (H(f)).

The path loss values can be computed from the H(f) as [10]:
PL(dB) = —10log,, (|H()I*) (4.1)

with H(f) being the frequency transfer function in N resolution points com-
puted as H(f) = |Sa1|e774%2 where |Ss;| and £S5, are module and phase in
radians of the S,q, respectively.

According to Equation (4.1), the path loss models found in the literature
can be classified depending by their dependence on distance as:

e Linear, in which the path loss in decibels varies linearly (slope «) with
the distance between antennas, d, as: PL(dB) = C + ad, where C' is a
constant.

e Power, where the path loss in decibels varies with the power (exponent
) of the distance between antennas as: PL(dB) = C + ad".

e Log-distance, in which the path loss in decibels is linearly dependent (slope
n) with the logarithm of the distance between antennas as: PL(dB) =
C + 10nlog,, d.

Sometimes, these models also include a shadowing term that statistically
models —typically with a Gaussian function— the dispersion of the samples
around the fitting model.
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4.1.8 Correlation

Channel diversity of UWB systems can enhance the channel performance
and thus enable new applications. UWB systems can achieve highly accurate
localization algorithms [85]. These techniques can be influenced by the cor-
relation among transmitters and receivers [86]. Hence, future algorithms for
the localization of implanted sensors, such as the capsule endoscope, may be
affected by the channel diversity in both transmission and reception [41].

The diversity of the channel in transmission and reception is assessed by
computing the correlation coefficients. These coefficients are calculated as
the maximum correlation between two different channel impulse responses as

follows: .
_ Bl (1) 5, (7)]
Pdy,dy = B o7? (42)
VE[lha, (T)P] - Ellha, (T)]?]

being E[] the expected value; hy, (7) and hg,(7) the channel impulse responses
for a distance between antennas d;. The channel impulse responses are obtained
from the Inverse Fast Fourier Transform (IFFT) of the frequency transfer func-
tion H(f) within N resolution points.

4.2 In-Body to In-Body Scenario

4.2.1 Preliminary Analysis

As concluded in Section 3.2.2.5, the received power reaches the noise level
from a frequency value of 6 GHz. In this preliminary analysis, the bandwidth
at which the received power values are above the noise will be determined.

4.2.1.1 Methodology

The measurement setup and the methodology used in this preliminary study
are explained in Chapter 2, Section 2.2.2.4. For this first approach, two iden-
tical miniaturized antennas described in Section 3.2.2 are chosen. Figure 4.1
shows the manufactured antennas.

According to Figure 2.10, the antenna located on the left hand side of Fig-
ure 4.1 acts as the in-body transmitter, whereas the other one acts as the
in-body receiver. The receiving antenna is placed in the middle of the Y axis,
at 8 cm away from the container's wall located behind it (X axis), and at a
height of 8.6 cmn from the container's floor (Z axis). The miniaturized antenna
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Figure 4.1: UWB in-body antennas used in the IB2IB experimental scenario
is moved in a XYZ mesh in front of the receiving antenna. The rest of the
setup parameters are depicted in Table 4.1.

Table 4.1: Configuration of the VNA and the positioner. Preliminary analysis in the IB2IB
scenario.

Parameter Value
VNA: Output power 8 dBm
VNA: Frequency band 3.1-8.5 GHz
VNA: Resolution bandwidth 3 kHz
VNA: Resolution points 1601
VNA: Snapshots of the channel (Traces) 5
Positioner: Step resolution Ax = Ay = Az =1cm
Positioner: XYZ grid mesh 11 x 11 x 2

4.2.1.2  Discussion

As described in the previous section, the measurements are performed in
a bandwidth ranging from 3.1 to 8.5 GHz. Figure 4.2 shows the frequency
transfer function obtained from several in-body locations in this preliminary
study. It can be noted that the received power significantly drops above 5.5
GHz. This is due to the fact that the losses in the muscle phantom at high
frequencies grow significantly (see Figure 2.5). Therefore, the measured band-
width should be lower than this frequency value in order to obtain non-noisy
samples. In this way, the diversity of the channel and the path loss can be
properly assessed.
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Figure 4.2: Frequency transfer function H(f) in several in-body locations.

4.2.2 In-Body to In-Body Channel Characterization

According to the results presented in the previous section, the studied band-
width is reduced for the IB2IB scenario in the following sections. From the
obtained values, the path loss and the diversity of the channel are assessed in
order to research the UWB channel performance for IB2IB communications.

4.2.2.1 Methodology & Data Processing

As in the preliminary analysis, the measurement setup used is the one de-
scribed in Section 2.2.2.4. The in-body antennas are also the two identical
UWB monopoles used in the preliminary analysis. Furthermore, according to
Figure 2.10, the antenna located on the left hand side of Figure 4.1 acts as the
in-body transmitter, whereas the other one acts as the in-body receiver. The

configuration of the pieces of equipment involved in this scenario is summarized
in Table 4.2.

To facilitate the understanding of the measurements, reference points in each
axis are established. The in-body transmitter is placed in 5 Z planes separated
steps of Az to each other. The plane Z = 0 is the center and reference plane,
whereas the other planes are located above (-Az, -2Az) and below (Az, 2Az)
from Z = 0. Z reference plane is at a height of 8 cm from the container's floor.
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Table 4.2: Configuration of the VNA and the positioner. IB2IB channel characterization.

Parameter Value
VNA: Output power 8 dBm
VNA: Frequency band 3.1-5.1 GHz
VNA: Resolution bandwidth 3 kHz
VNA: Resolution points 1601
VNA: Snapshots of the channel (Traces) 5
Positioner: Step resolution Ax = Ay =Az=1cm
Positioner: XYZ grid mesh 6 X7 x5

X = 0is at 15 cm from the container's walls and the transmitting antenna is
moved backwards from this position. Finally, Y = 0 is in the middle of the
wall of the box and the transmitter is moved to the left and to the right from
this point.

As mentioned, the studied bandwidth should be reduced since the losses in
the propagation medium increases dramatically above 5.5 GHz as concluded
in Section 4.2.1.1. Accordingly, the VNA is calibrated through a full 2-port
calibration within the first 2 GHz of UWB frequency range, i.e., from 3.1 to
5.1 GHz. The noise floor is at -90 dB.

The return losses of both antennas are previously checked to ensure the an-
tenna matching during the measurements (see Figure 4.3). The values between
antennas are slightly different due to the manufacturing process.
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Figure 4.3: Measured reflection coefficients from 3.1 to 5.1 GHz where both antennas are
submerged into the liquid phantom.
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Figure 4.4: IB2IB experimental measurement setup. Locations of receiving antenna.

The XYZ mesh of 6x7x5 measurement points is measured in four different
locations of the in-body receiver inside the phantom (see Figure 4.4). These
locations of the receiving antenna are named as RX1, RX2, RX3 and RX4.
RXlisat Z=0,Y =0 and 10 cm from the container's wall located behind it
(X axis). The rest of the receiver locations are at multiples of the wavelength
(M) from RX1 within the same height (Z plane). The value of A corresponds to
the wavelength at the central frequency of the bandwidth under analysis (4.1
GHz) considering the propagation speed inside the phantom. This wavelength
is 7 times shorter than the wavelength in free at the same frequency. Regarding
data processing, on the one hand, the path loss values are obtained as described
in Equation (4.1). Only those S5 samples 10 dB above the noise level are
considered to compute the path loss values in order to capture mainly the
direct path contribution. On the other hand, the diversity of the channel in
transmission and reception is assessed by computing the correlation coefficients
as Equation (4.2).
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4.2.2.2  Path Loss

For this section, the in-body receiver is at RX1 (see Figure 4.4). RX1 is
chosen because it is in the middle and thus a greater number of samples above
the noise level can be obtained. Figure 4.5 depicts, on the one hand, the path
loss for different heights, i.e., Z planes (see Figure 4.5(a)) and, on the other
hand, the path loss considering all the values involved in (see Figure 4.5(b)).
The distance between antennas ranged from 4.8 to 9 cm. As can be observed,
the linear approximation model achieves a well fit in all cases. The linear
model for different heights or all of them can be expressed as follows:

PL(dB) = PLy.(dB) + a.(dB/cm) - d(cm) (4.3)

where PLy , is the value of the path loss for either different Z planes or all of
them when the distance between antennas in dB, d, tends to 0; and «, is a
fitting parameter in dB/cm.

Table 4.3 presents the path loss fit parameters considering different heights
as well as all the measured values. As can be observed from this table, the
values are quite similar. PL . varies from 34 to 46 dB and «a, from 3 to
5, approximately. On the other hand, it can be noted that those furthest
planes from Z = 0 have more losses than the rest. This is because the antenna
misalignment increases at the extreme planes. Moreover, the values at -2Az
and 2Az differ due to a misalignment in height between the receivers and the
grid of measurement points. On the other hand, the losses are lower when the
antennas are at the same height (Z = 0).
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Figure 4.5: Path loss as a function of distance between antennas considering RX1.
and models for different heights (a) and all the measured points (b).

Values

Table 4.3: Fitting parameters of the approximation model for the IB2IB scenario.

Z plane PL,.(dB) «.(dB/cm)

-2A, 36.4233 4.3987
-A, 27.7087 5.3416
0 26.8048 5.3894
A, 36.3740 4.3404
2A, 46.4496 3.3141
All 34.2116 4.6290

When all the measured points are considered, the slope of the approximation
model is an intermediate value of the above cases as expected.
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4.2.2.8  Channel Correlation Modeling

Correlation in Transmission

The diversity of the channel is evaluated by means of the correlation co-
efficients as Equation (4.2). In Figure 4.6, the scheme for computing the cor-
relation coefficients in transmission is shown. The receiving antenna is in the
RX1 position. In each Z plane, a reference location of the transmitting antenna
is established. These reference locations are at X = 0, Y = 0 in each Z plane.
Accordingly, the channel impulse response in the reference location (hg, (7)) is
correlated with those impulse responses located at the same Z plane (hg,(7)).
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Figure 4.6: Scheme for the assessment of the correlation in transmission in the IB2IB
scenario

Figure 4.7 depicts the correlation in transmission for transmitting antennas
located at the same height particularized for RX1 receiver location. From
Figure 4.7, one can observe that the behavior of the correlation is quite similar
regardless of the Z plane. Besides, the correlation varies with the X axis
but not with the Y axis. Moreover, the correlation drops below 0.5 when
the transmitter location is above 4Axz (4 cm) from the reference transmitting
antenna location.
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Figure 4.7: Correlation coefficients at different heights in the experimental IB2IB scenario
using RX1. Z = -2Az (a), Z =-Az (b) and Z = 0 (¢) Z = - Az (d) and Z = 2Az (e).
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Correlation in Reception

In order to assess the correlation in reception, the position of different re-
ceiving antenna locations are considered. The channel impulse responses in
each transmitting antenna location for all the measurement points obtained
from RX2 is correlated with those obtained from the rest of the receivers,
RX1, RX3, RX4 (see Figure 4.4) at the same transmitting antenna location.
According to Equation (4.2), hy, (7) is the channel impulse response obtained
from RX2 in a transmitting antenna location, whereas hg,(7) is the impulse
response in the same transmitting antenna location obtained from the other
receivers, i.e., d; = do. RX1 and RX3 are 2) and 4\ away from RX2 in Y axis,
respectively, while RX4 is 2\ away in Y axis and 5\ in X axis from RX2 as
well (see Figure 4.4).

Figure 4.8 shows the Complementary Cumulative Distribution Function
(CCDF) for the correlation in reception, i.e., CCDF = 1 - P(X < correlation
coefficients) = P(X > correlation coefficients). The CCDF in each pair of
receivers is computed considering all the measurement points in the whole XYZ
mesh measured by each receiver. As can be observed, the correlation decreases
as the distance between receivers increases. This is more significant when the
receiving antennas are away in both axes (RX2&RX4), since practically all
the correlation coefficients are below 0.65. When receiver antennas are only
separated in Y axis, the correlation increases considerably. Nevertheless, the
increment of the distance between receivers in Y axis can reduce the correlation.
As can be seen in Figure 4.8, the values of the correlation coefficients when
receiving antennas are separated 4\ (RX2&RX3) decreases by 10% compared
to the values when receivers are separated 2\ (RX2&RX1). However, the
correlation is very high in both cases.
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Figure 4.8: Complementary cumulative distribution function (CCDF) for correlation coef-
ficients in reception.

4.3 In-Body to On-Body Scenario

As mentioned in Section 4.1.1, UWB technology can improve the features of
current medical devices such as the capsule endoscopy. In order to validate this
frequency band, a thorough investigation of the performance of the propaga-
tion channel at these frequencies is absolutely essential. This requires reliable
measurement setups.

Throughout this section, the path loss and the diversity of the channel for
UWRB pulsed-based schemes and multicarrier-based are assessed and discussed
in different IB20B scenarios. The radio channel performance for the whole
used bandwidth as well as for 500-MHz subbands is studied from an experi-
mental point of view. On the other hand, the impact of the chosen receiving
antenna on the UWB channel performance is researched as well. Also, the val-
ues obtained from a phantom-based setup are compared with those obtained
in an #n vivo experiment.
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4.3.1 Path Loss Models

4.8.1.1 Effect of Receiving Antenna on Channel Performance

In order to assess the impact of the antenna features on the radio channel
performance, two different antennas have been selected. The first antenna
candidate is a slotted patch antenna which was optimized by using the di-
rect antenna design procedure explained in Section 3.2.2. The other one is
a UWB monopole antenna used as on-body receiver in several experimental
measurement campaigns [41], [87].

For both receiving antennas previously described, the phantom-based sce-
nario described in Figure 2.11 has been considered. Using either the slot or
the monopole antenna, the CPW monopole antenna described in Section 3.2.2
is chosen as implanted transmitting antenna. The VNA and the positioner
configuration is detailed in Table 4.4.

Table 4.4: Configuration of the VNA and the positioner. IB20B channel characterization.

Parameter Value
VNA: Output power 8 dBm
VNA: Frequency band 3.1-5.1 GHz
VNA: Resolution bandwidth 3 kHz
VNA: Resolution points 1601
VNA: Snapshots of the channel (Traces) 5
Positioner: Step resolution Ax = Ay = Az =1 cm
Positioner: XYZ grid mesh TXT7Tx3

The plane Z = 0 is the center plane where the transmitter and the receiver
are aligned in the vertical axis, whereas the other planes are located above (Az,
2Az) from this plane. Z = 0 is at a height of 8 cm from the container's floor.
X = 01is at 2 cm from the container's wall and the transmitting antenna is
moved backwards from this position. Finally, Y = 0 is in the middle of the wall
of the box and the transmitter is moved to the left and to the right from this
point. The on-body receiver is fixed in the middle of the external container's
wall, whereas the in-body transmitter is moved inside the liquid phantom.
Figure 4.9 shows the IB20B measurement setup used for this measurement
campaign.
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Figure 4.9: IB20B measurement setup. Grid of measurement points.

As mentioned, the radio channel performance is assessed for separated UWB
subbands as well as for the entire used bandwidth. Depending on the used
receiving antenna, the noise floor is different [88]. In particular, the noise floor
is at -80 and -100 dB when the receiving antenna is the monopole and the slot,
respectively. It is worth mentioning that only those S5; samples 10 dB above
the noise level are considered to capture mainly the direct path contribution
whatever the receiving antenna is.

The path loss in each in-body antenna location is calculated as described in
Equation (4.1). Figure 4.10 shows the path loss samples computed from d =
2.5 to 7 cm by using both receiving antennas. According to the observed values,
the linear and the log-distance model should be compared to find out the best
option. On the one hand, the linear model follows the expression described in
Equation (4.3). On the other hand, the log-distance model follows the following
expression:

d
PL(dB) = PLy,,., + 10vlogy, (%) , (4.4)
ref
being PLggq,., the path loss value in a reference distance d,.; = 1 cm in dB,
and v the path loss exponent.

As can be observed in Figure 4.10, the path loss values vary depending on
the used receiving antenna. Besides, this variation is higher as the subband is
located at higher frequency bands as expected. This may be explained due to
the fact that the noise floor values change depending on the on-body receiving
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antenna used. Accordingly, the maximum value of the path loss is higher for
the slot antenna. Considering the whole frequency range, the path loss values
obtained from both antennas are quite similar (see Figure 4.10). The trend
of both models are practically the same as well. Nonetheless, the path loss
values are higher for the slot antenna. This is by the fact that the slot antenna
focuses the power in one direction, minimizing the received contributions from
the rest. In this way, the relative received power is lower and, consequently,
the path loss becomes higher.

Even though the trend of the path loss models are quite similar by using
either antenna, the performance of the antenna mainly affects on the values at
high frequencies. Hence, it could be more accurate to say that this a radio link
budget evaluation or system loss instead of a conventional path loss model.
As mentioned in the introduction of this chapter, path loss term has been
considered since it is the most used in the related works in literature.

Table 4.5: Fitting parameters of the approximation models. Monopole antenna.

Monopole Antenna
Linear Log-distance
Frequency | PLg Q RMSE PL, vy RMSE
3.1-3.6 |20.316 | 5.362 | 3.7009 || 6.164 | 5.974 | 3.482
3.6-4.1 22.161 | 5.723 | 3.542 7.243 | 6.350 | 3.337
4.1-46 | 25.278 | 5.932 | 5.0202 9.96 | 6.561 | 4.868
46-5.1 34912 | 4.172 | 6.3555 || 24.085 | 4.622 | 6.302
3.1-5.1 |23.607 | 5.316 | 3.6158 || 9.639 | 5.914 | 3.413

Table 4.6: Fitting parameters of the approximation models. Slotted patch antenna.

Slot Antenna
Linear Log-distance
Frequency | PLg a RMSE PL, o RMSE
3.1-3.6 | 14.826 | 7.405 | 5.287 || -12.202 | 9.329 | 5.345
3.6-4.1 | 26.299 | 6.627 | 5.618 1.482 | 8.431 | 5.531
4.1-4.6 | 36.496 | 6.394 | 5.723 12.432 | 8.15 | 5.619
4.6 -5.1 | 53.434 | 4502 | 5.215 35.829 | 5.82 | 5.004
3.1-5.1 | 22.406 | 6.846 | 4.843 2.814 | 8.656 | 4.84
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Figure 4.10: Path loss values per subband (a-d) and the whole available bandwidth (e)
using two on-body receivers particularized for the IB20B scenario.
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Table 4.5 and Table 4.6 present the path loss fitting parameters along with
the RMSE for each approximation model considering each subband as well
as the whole bandwidth by using both receiving antennas. As can be seen,
parameter « is higher when the slot antenna is used, i.e., the slope of the curve
is steeper. Whereas « is lower at higher frequency bands with the slot antenna,
it keeps around five when the receiving antenna is the monopole one. The same
occurs with regard to the v exponent in the case of the log-distance model,
where the v value with the monopole antenna is around 6. The differences
between « and v obtained from both antennas are mainly produced by the
radiation pattern. the monopole antenna takes more signals from the sides
due to its omnidirectional pattern, while the patch antenna focuses power by
reducing signal reception from the sides.

It is worth mentioning that the path loss exponent is lower in the upper
subband for both antennas. This is by the fact that the losses reach the noise
level at large distances and high frequencies, whereas they continue growing
for short distances. Therefore, the slope of the model decreases.

Regarding PL for linear and log-distance models, its value increases as the
subband is higher in frequency for both receiving antennas. It can be observed
how P Ly is negative for the lowest frequency subband in the log-distance model
for the slot antenna. This is because the v exponent is very high and d,.; is
1, so that PL, is mathematically negative. On the other hand, such negative
value is in concordance with a best fitting —lower RMSE—- of the path loss for
a linear trend. This can be observed in Table 4.6, where the RMSE is lower
for the linear than for the log-distance one.

For the monopole receiver, as can be observed in Table 4.5, the best fit is
achieved by the log-distance model since the RMSE is lower in all the cases.
On the other hand, for the slot antenna, Table 4.6 shows that the path loss
is better fit by a linear model only in the lowest frequency subband. In this
case, the path loss increasingly follows a logarithmic trend as the considered
frequency band is above 3.6 GHz. This can be noted since the difference
between RMSE values of both models is higher as the used frequency band
increases. That is, 0.087 for the second subband (3.6 - 4.1 GHz) and 0.212 for
the fourth one (4.6 - 5.1 GHz), what leads to an increment of 143.67%. In the
case of the monopole antenna, the RMSE for the log-distance model is lower
than the RMSE for the linear case in all the subbands studied. However, as
in the case of the slot antenna, there is no big difference between linear and
log-distance approximation models.
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With regard to the path loss considering the whole bandwidth, the best
fitting is achieved with the log-distance model for both receiving antennas.
This conclusion is in line with the results obtained in other measurement cam-
paign where the same phantom is used [41]. On the other hand, [87] compared
phantom-based and in vivo measurements in an IB20B scenario using the
phantom described in [40]. The propagation losses in [87] are higher than
those obtained in this section where a high accurate muscle-like phantom is
used. This is due to the fact that the dielectric values of the phantom proposed
here are close to those obtained by Gabriel [12]. On the contrary, the phantom
proposed in [40] overestimates the losses as concluded in [87].

4.8.1.2  Ezperimental Models. Phantom-based vs In Vivo results

In order to validate the results obtained from measurements performed in
a laboratory facilities using phantoms, an in vivo measurement campaign is
completely essential. This is the only reliable way to ensure that the laboratory
tests have certain accuracy.

Observing the results obtained in the previous section, the slot antenna has
better performance on than the monopole one for this purpose. Actually, this
could be predictable since the slot antenna was designed and optimized to
work in this propagation medium efficiently. As mentioned, at least one in
vivo measurement campaign is necessary to confirm the values obtained from
the phantom-based measurements. Accordingly, an IB20B measurement cam-
paign considering the in vivo setup explained in Section 2.3 has been carried
out. For the in vivo experiment, the slot antenna acts as the on-body re-
ceiver, whereas the CPW monopole antenna described in Section 3.2.2 is used
as implanted transmitter.

Due to the strict time constrains in the operating room, two different in-body
points are measured with the in-body antenna implanted in two different places
within the small intestine of the animal subject. It is worth mentioning that
the in vivo scenario tries to emulate a real communication between an UWB
device located in the small bowel, such as the capsule endoscopy, and an UWB
on-body receiver located over the skin. In order to do that, the surgeon placed
the in-body antenna among the guts aided by a endoscopic camera system.

Figure 4.11(a) and Figure 4.11(b) show the in-body locations through the
camera system. Regarding the receiving antenna, it is located on thirteen
positions over the pig belly as described in Section 2.3.2.
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(b)

Figure 4.11: Location of the implanted antenna in the in vivo experiment

As described in Section 2.3.2.1, a specific software is designed to control and
synchronize the VNA and the tracking system. The parameters entered on
the VNA are exactly the same than those of the IB20B phantom-based mea-
surement detailed in Table 4.4. Hence, the comparison of the results obtained
from both setups is simpler and more reliable. As concluded in the previous
section, the antenna parameters could drastically change when a different sce-
nario or setup is considered. In the phantom-based setup, the noise floor is
at -100 dB with the slot antenna as receiver. In contrast, the noise level is at
-110 dB when the same receiver is used in the in vivo experiment. As in the
phantom-based measurements, only those S,; samples 10 dB above the noise
level are taken into account.
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Figure 4.12: Path loss values per subband and the whole available bandwidth for in vive
(black points) and phantom-based (red points) setups particularized for the IB20B scenario.
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Table 4.7: Fitting parameters of the approximation models for the in vivo measurements

Slot Antenna
Linear Log-distance
Frequency | PLg Q RMSE PL, 0% RMSE
31-36 | 13984 | 9.123 | 3.399 || -12.053 | 10.492 | 3.733
3.6-4.1 | 17735 | 9.678 | 3.852 || -10.054 | 11.155 | 4.096
4.1-46 | 21.604 | 10.109 | 5.644 || -7.1765 | 11.616 | 5.926
4.6-51 | 32.624 | 8.808 | 5.908 8.254 | 10.020 | 6.345
3.1-5.1 | 17.107 | 9.425 | 3.126 -7.868 | 10.531 | 3.613

In Table 4.7, the path loss values in the in vivo experiment using the slot
antenna as receiver are shown. Furthermore, the path loss values obtained
from the phantom-based setup using the same receiver antenna are included
in Figure 4.12 as well. The distance range obtained from the phantom-based
experiment has been fitted to the minimum and maximum distance between
antennas in the in vivo experiment in order to get an easier comparison. From
Figure 4.12, one can observe that the path loss values obtained from the in vivo
experiment are consistent with those obtained by the phantom-based setup.
This is a remarkable point since these results give certain reliability to the ex-
perimental single-layer measurement setup in which the high accuracy phantom
of the muscle tissue is used. In this way, the number of in vivo measurement
campaigns could be decreased considerably.

When the subband increases in frequency, the path loss values of both setups
are different at high distances between antennas. This is by the fact that the
noise level is not the same in each case and therefore the maximum top value
considered in computation. This effect can be observed at high distance and
subbands where the path loss values begin to stabilize as they reach the noise
level. For this reason, there are some points above in the in vivo case making
it more noticeable in the higher frequency subbands. On the other hand, the
arrangement of the points in the in vivo varies due to other factors such as the
breathing, the blood flow and so on. In addition, it is very difficult to control
the alignment of the antennas so it can produce these variations as well.

Observing Table 4.7, one can conclude that a better fit is achieved with
the linear approximation model whatever the subband is. The same can be
concluded in the case of the whole measured bandwidth. This can be seen
in the RMSE values for the linear model which are lower than those of the
log-distance one. Besides, PL, values are mathematically negative in almost
all the cases for the log-distance model. Therefore, the linear model achieves
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the best approximation in contrast with the values obtained with phantom
in which the losses tends to a log-distance model as the frequency increases.
This difference in the trend of the approximation models can be explained
given that the number of points measured in the in vivo experiment is limited
compared to the massive measurement campaign obtained from the phantom-
based measurements.

With regard to the fitting parameters of the linear approximation model,
PLg increases with frequency as expected. The fitting parameter « is between
8 - 10, i.e., a bit higher than the values for the phantom which are between
5 - 7. This difference may occur because in the in vivo experiment, other
factors such as metabolism, blood flow, or breathing are included in the values
obtained.

4.3.2 Diversity of the Channel

The diversity of the channel in transmission and reception is assessed through-
out this section. For this purpose, the correlation coeflicients for both experi-
mental measurement setups are computed as Equation (4.2). Since the number
of in-body locations on the in vivo experiment is very limited, only the corre-
lation in reception could be evaluated in this case.

As receiving antenna, the slot antenna used in the previous sections is chosen,
whereas the CPW miniaturized antenna acts as the transmitter for all the
scenarios explained hereon.

4.8.2.1 Correlation in Transmission

Phantom-based Scenario

In order to evaluate the diversity of the channel in transmission, the correla-
tion coefficients are computed from the values obtained in the phantom-based
setup from 3.1 to 5.1 GHz described in Section 4.3.1.1 particularized for the
slot patch antenna. The VNA and the positioner configuration is detailed in
Table 4.4.

The channel impulse response in a reference location of the in-body trans-
mitter is correlated with those located in the same Z plane (Z = 0) as well as at
different heights (Z = Az, Z = 2Az) to analyze the correlation in transmission.
The location of the reference impulse response is set at the center of XY plane
at Z = 0 (see Figure 4.13).
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From the correlation coefficients, the probability that these coefficients are
equal to or greater than 0.8 is calculated. In Table 4.8, the probability values
for each subband and for the entire frequency range are shown. For each of
these values, different areas are considered (see Figure 4.13). The first value
takes into account the correlation coefficients from X = 0, i.e., the closest
locations between antennas, to X = 3 (1% half), where the reference position
is located, and all antenna locations in Y axis. The second one considers
positions from X = 3 to X = 6 (2"¢ half) and all antenna locations in Y axis
as well. Finally, the last value assumes all antenna locations in the same XY
plane.
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Figure 4.13: Measuring points considered in each half for the calculation of correlation
coefficients in transmission for the phantom-based measurements

From Table 4.8, one can observe that the correlation is getting lower as the
distance between in-body transmitters increases in 7 axis for all the cases, as
concluded in [41]|. Besides, the correlation is lower for those locations farther
in X axis. This decrement is influenced by multipath effect due to the multiple
bounces on the walls of the box. In Figure 4.14, it can be observed that the
main contribution begins to be comparable to others. The variations in Z = 0
can be caused by the unpredictable multipath effect. Moreover, the correlation
per subband is higher when the subband is located at upper frequencies what-
ever the distance between transmitters in 7 axis is. Regarding the correlation
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Table 4.8: Probability for correlation coefficients > 0.8

Z=0
1*'Half/2"“Half/
Whole

7 = Az
1%'Half/2"Half/
Whole

7 = 2Az
1*'Half/2"Half/
Whole

0.667,/0.286,/0.531

0.524/0.191/0.469

0.381/0.143/0.347

0.714/0.191/0.551

0.714/0.333/0.510

0.571/0.191/0.429

0.809/0.238/0.592

0.714/0.333/0.571

0.619/0.333/0.531

0.857/0.667,/0.796

0.857/0.619/0.755

0.762/0.524/0.694

Frequency range
(GHz)
3.1-3.6
3.6-4.1
4.1-4.6
4.6 -5.1
3.1-5.1

0.667/0.238/0.512

0.667/0.191/0.490

0.619/0.095/0.429

considering the whole frequency band, it decreases as the distance between an-
tennas increases in height as well. Besides, the correlation values considering
the entire bandwidth are close to those obtained at the lower subbands for Z
< Az. However, the correlation in the lowest subband is quite lower than the
rest of cases at Z = 2Az.
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Figure 4.14: Power delay profile for 5 different depths in the X axis considering RX1.

4.8.2.2  Correlation in Reception

The correlation in reception is evaluated by the correlation coefficients as
well. Here, the diversity of the channel could be assessed for both experimental
scenarios, i.e., phantom and in vivo.

116



4.3 In-Body to On-Body Scenario

Phantom-based Scenario

For the evaluation of the correlation in reception for the phantom-based
measurement setup, the correlation coefficients are computed from the values
obtained in the phantom-based setup from 3.1 to 5.1 GHz described in Sec-
tion 4.3.1.1 particularized for the slot patch antenna. In this case, the slot
antenna is located over the external's container wall at different locations (see
Figure 2.14). The on-body antenna is located in an initial position (in orange
color in Figure 4.15) and moved away in steps of the wavelength (2A and 4 \).
In every location of the receiving antennas, the submerged transmitter into the
liquid phantom is moved into a XYZ mesh of 7 x 7 x 3 as Section 4.3.1.1.

It is worth mentioning that the locations of the receiving antennas are se-
lected according to the location of the human and pig small bowel (see Fig-
ure 2.14). As can be observed in Figure 2.14, the small intestine is located at
the bottom left side of the belly. In this experiment, the on-body antenna is
accordingly placed in order to try to be close to this area.

Figure 4.15: Locations of on-body antenna to study the correlation in reception in the
IB20B phantom-based scenario

In accordance with Equation (4.2), hg, (7) is the channel impulse response ob-
tained from RX1 (see Figure 4.15) in a transmitting antenna location, whereas
ha,(7) is the channel impulse response in the same in-body antenna location
obtained from other receivers. RX2 and RX4 are 2\ away from RX1 in the Y
and Z axes, respectively, whereas RX3 and RX5 are at 5A. On the other hand,
RX6 is 2)\ away in Z and Y axes.
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Figure 4.16: Complementary cumulative distribution function (CCDF) for correlation
coeflicients in reception.

Figure 4.16 shows the CCDF for the correlation in reception considering
the whole available bandwidth (3.1 - 5.1 GHz). The CCDF is computed from
all the XYZ measurement points. As can be seen, the correlation is quite
high when the receiving antennas are closer in the Y and Z axes. A slight
decrease can be seen when the receiving antennas are separated 2\ in the Z
axis. The correlation between RX1 and RXG6 is lower than those values for
RX2 and RX4. On the other hand, the correlation considerably decreases as
the distance between receivers is long, i.e., more than 2X. As can be observed,
the correlation is lower when the receivers are located at different Z planes.
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In vivo Scenario

For the in wvivo experiment, the correlation coefficients are calculated as
in the previous section. According to Figure 2.17 and Equation (4.2), two
tables of values are obtained. For the values shown in Table 4.9 and Ta-
ble 4.10, the reference channel impulse response is obtained from the receiving
antenna location number 7 (see Figure 2.16). For both tables, the reference
channel impulse is correlated with the channel impulse responses obtained by
the other receiving antenna locations. In Table 4.9, the channel impulse re-
sponses are obtained from the same in-body antenna location. On the other
hand, in Table 4.10, the channel impulse response obtained from the receiving
antenna location number 7 at the position of the implanted antenna shown
in Figure 4.11(a) is correlated with those obtained by all the receivers at the
position of the implanted antenna shown in Figure 4.11(b). The configuration
of the involved pieces of equipment are detailed in Section 2.3.2.1.

Table 4.9: Correlation coefficients when the in-body antennas are located in the same
location

Table 4.10: Correlation coefficients when the in-body antennas are located in different
location

0.5893
0.6276
0.7924

From the results shown in Table 4.9 and Table 4.10, it can be noted that the
correlation in reception decreases as the distance between receivers is higher.
However, the correlation is quite high when the transmitting antenna is placed
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in the same location. When the transmitting antenna location is varied, the
correlation is significantly reduced.
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Chapter 5

Diversity Techniques

The main drawback of the radio wave transmission through the human body
is the high attenuation introduced by the living body tissues. Besides, this
attenuation dramatically increases with the increment in frequency. As men-
tioned in previous chapters, these losses constrain both the distance between
transmitter and receiver as well as the available bandwidth to transmit effi-
ciently at UWB frequencies. Therefore, novel healthcare applications at UWB
frequency band would depend on the performance of the radio channel.

In this chapter, methods based on channel diversity are applied in this com-
plex environment to achieve a better channel performance.
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5.1 Introduction

5.1.1 Time Reversal Technique

5.1.1.1 Principle

Although Time Reversal (TR) signal processing was intended for acoustics
[89], it was extended to electromagnetic waves [90] in 2004. In the research
field of the wireless radio propagation, this technique was taken to focus the
transmitted energy on the intended receiver, thus reducing the interference
from other field resources. This technique might be very useful for multi-
receiver communication systems with a large number of involved nodes [91].

Basically, TR achieves a space-time compression [92]. The main idea is
to precode the transmitted UWB pulse to obtain a new channel impulse re-
sponse. Firstly, the receiver sends pulse to the transmitter which is known by
the transmitter and receiver. Then, from such received pulse, the transmit-
ter can estimate the channel impulse response, h(7), between the transmitter
and receiver. Thus, the transmitter sends a precoded signal to the receiver,
which consists of the signal to be transmitted, z(7), convolved with the inverse
and conjugated channel impulse response previously estimated, h*(—7). Ac-
cordingly, it should be remarked that for applying this technique the channel
should be reciprocal so that the channel impulse response can be estimated on
the transmitter side [90].

Mathematically, the received signal, y(7), can be expressed as:
y(1) = (x(7) @ h*(=7))@h(1) = 2(T)@(h"(=7) @ h(T)) = 2(T)Dhey(7) (5.1)

where ® is the convolution operator and h.,(7) is the equivalent channel im-
pulse response obtained from:

heg(T) = h*(—7) ® h(T) (5.2)

This is the autocorrelation of the channel impulse response. It should be
also considered to normalize h.,(7) in order to compare this technique with
other schemes [92],

heo(r) = —2E0 o). (5.3)

V(=)
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In Figure 5.1, the scheme of TR technique applied to a multi-receiver system
is shown. In this case, the equivalent impulse response is only optimal for TX-
RX; due to the use of the estimated inverse and conjugated channel impulse
response of hi(7) as precoding signal.

j hi (1) & hi(—1) /
™ e RX,

RX,

RXy

Figure 5.1: Scheme of TR technique for a multi-receiver system

To evaluate the characteristics and performance of the TR technique in a
specific application, some figures of merit can be found in the literature. In [92],
authors proposed a peak to peak gain (G,z,) which shows the ratio between
the strongest path using TR (h.,) and the conventional form (h). So, this is
worth mentioning that TR could achieve a gain on the receiver side precoding
the transmitted signal of the intended user. It can be measured as follows:

mazx <]h6q(7)]2>
max (|h(7‘)|2)

In the case of the receiver captures all the energy from the channel response,
then the gain is defined as:

B flheq(f)2>
Gpop = 10logyg | —— 5 5.5
‘ ; ( T h) (5:5)

(5.4)

Gp2p = 101logy,
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5.1.2 Maximal-Ratio Combining

5.1.2.1 Principle

Methods based on diversity combining can cope with the high attenuation
that living tissues have at high frequencies. In an IB20B scenario where the
information among sensors is wirelessly sent, there are usually involved one
implanted transmitter such as the capsule endoscope or other bioimplant, and
an array of multiple sensors over the human torso. Taking into account this
typical scenario, Maximal-Ratio Combining (MRC) can profit from the receiver
diversity in order to enhance the channel performance. This technique tries to
combat the multiple fading by combining the SNR of each received branch [93].
Here, branch refers to the channel impulse response between the transmitter
and each of the on-body receivers. On the receiver side, the received signals for
each receiver antenna are combined to increase the SNR of the whole system
and thus reducing the Bit Error Rate (BER). Before combining, the received
signals are multiplied by a weightening factor in every branch. The values of
the weights are such that they maximize the output SNR. The weights are the
complex conjugate of the channel impulse response obtained in each receiver,
i.e., w; = hi(7) being w; the weight of the receiver i. The architecture of the
MRC technique is depicted in Figure 5.2.

Wy
RX,

ignal
X, Output signa

. éz
Voo

Figure 5.2: Architecture of a receiver using MRC technique
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According to the scheme of MRC depicted in Figure 5.2, the combined output
signal, r(7), is given by [94]:

y(7) = h(r)z(r) + n(t),
h = [y, ha,. .., hy]7,
n= [nl N, ...,ny|" o

I
r(1) = w’y = wha(r) + w'n,

where y(7) is the received signal at the array of N elements, h(7) is the chan-
nel impulse response for each branch, z(7) is the transmitted signal and n
is the noise. Since the transmitted signal z(7) has unit average power, the
instantaneous output SNR will be:

H 2
SNR— Wb (5.7)
E [|an\2}
The term of the denominator is the noise power given by:
E UWHHH =F UWHnnHWﬂ =o*wlIyw (5.8)

= o*wlw = o?||w]||?,
being I the identity matrix NxN. Considering that the weight which max-
imizes the output SNR is the complex conjugate values obtained in each re-
ceiver, hf (1), the ouput SNR is therefore given by:

l\J

SNR= " - =

h’h?> h"h &
[hh| :Z (5.9)

5.1.3 Reconstruction of the Channel Impulse Response. CLEAN
algorithm

Considering the weight values on the receiver side described in Section 5.1.2.1,
the channel impulse response of each receiver should be known. A UWB re-
ceived signal consists of a transmitted UWB pulse, the channel impulse re-
sponse and the noise. In the literature, there are available algorithms to de-
duce the Multipath Components (MPCs) in the context of UWB systems [19].
For example, the SAGE algorithm performs a iterative determination of the
maximum-likelihood of the parameters of the MPCs [95].
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One of the most extended high-resolution algorithm to extract the MPCs
with a certain accuracy is the CLEAN algorithm [96]. The premise of this
algorithm is that the received signal is a sum of scaled and delayed replicas of
the known transmitted pulse. This algorithm has been used in works by using
computer anatomical human body models [97]. The channel impulse response
is given by:

hr) =3 Awd(r =), (5.10)

where A; and 7; are the amplitude and time delay of the ith MPCs, respec-
tively, and IV is the total number of considered MPCs. The CLEAN algorithm
first finds the largest pulse correlating the received signal with the transmitted
pulse, thus identifying the highest peak. The amplitude, A7 , and time delay,
Tn, Of this peak is recorded and then its power contribution is subtracted from
the received signal at its corresponding time delay. This process is iteratively
repeated until the difference between the amplitude of the highest subtracted
peak and the current extracted contribution are below certain threshold ~. In
Figure 5.3, the scheme of CLEAN algorithm is depicted.

Received signal

v =x(0) LA 8(t- 1)

l

Y1) =y(1)
l
Find largest peak
of y,(7) at instant
t=T,

Store Ar and T, ‘

l

Yrep(D) = X(DX [ATn o(t - 1,)]

*\ﬁax(}:rep) - I\éax(}) < )i

V070 VoD

Figure 5.3: CLEAN algorithm
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5.2 Time Reversal for In-Body to In-body Communications

As mentioned, the antennas involved in an IB2IB scenario are all implanted
inside the body. Since the losses in the propagation medium can dramatically
increase at high frequencies, this scenario can be the the intermediate step in
the connection between a deeply implanted node and an external one. This
intermediate propagation scenario could arise between the deeply implanted
node and a subcutaneous one.

Throughout this section, the TR technique is tested to be used in medical
applications. Specifically, this technique is applied to improve the received
power in an IB2IB scenario. This fact can improve the radio link established
among implanted sensors, compensating the high losses of the propagation
medium at gigahertz frequencies.

5.2.1 Configuration € Methodology

As a first analysis of TR signal processing for in-body communications, this
technique is tested in an IB2IB scenario. Here, the transmitted signal by the
in-body transmitter is precoded and the gain on the receiver side is quantified.
Specifically, TR technique is applied in the channel measurement campaign
described in Section 4.2.2 considering the receiver RX1 (see Figure 4.4). The
configuration of the VNA and the positioner is shown in Table 4.2. In this
measurement campaign, two identical UWB monopole antennas were chosen.
These are two miniaturized in-body antennas described in Section 3.2.2. Both
antennas are depicted in Figure 4.1.

Regarding the data processing, the performance of TR technique is assessed
by means of the Gy, described in Equation (5.5). As mentioned in Sec-
tion 5.1.1.1, the reciprocity of the channel must be ensured in order to apply
this technique. Therefore, the reciprocity of the channel is previously evaluated
in the following section.
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5.2.2 Reciprocity of the Propagation Channel

A reciprocal channel means that the forward transmission coefficients (So;,
S12) have similar features in both communication directions. When both an-
tennas are located in free space with Line-Of-Sight (LOS) conditions, it is
relatively obvious to think that the channel is reciprocal. In in-body com-
munications, the antennas are located into the body, which produces a high
variation in their characteristics. The complex permittivity of body tissues
modifies the propagation speed and therefore the wavelength compared to this
one in free space. Thus, the field regions might change their radiation areas
[60]. So, the antennas could be in near field regions where the radiation pa-
rameters could fluctuate considerably. On the other hand, the propagation
medium is not the free space and the conditions, where the transmitter and
the receiver have in their locations, are not the same.

Figure 5.4 depicts the Sy; and S5 in three different measurement points at
different heights. It can be noted that the frequency responses are practically
identical to each other. Besides, Table 5.2 shows the probability values that the
correlation coefficients between Sy; and Si, in the same measurement point at
different Z planes are above 0.8. One can observe the high similarity regardless
the location of the transmitting antenna. Hence, it can be concluded that
the propagation channel can be practically considered reciprocal when both
antennas are submerged into the liquid phantom.

Table 5.1: Probability that correlation between S2; and Sy is greater than 0.8.

Z plane Probability > 0.8

-2Az 0.8571
-Az 0.9310
0 0.9355
Az 0.9032
2Az 0.800
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Figure 5.4: Forward transmission coefficient in both directions (from port 1 to port 2 and

viceversa) in three transmitting antenna locations at different Z planes. Z = -Az (a), Z = 0
(b) and Z = Az (c).
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5.2.3 Results

In this section, the G, is calculated for each Z plane to evaluate the per-
formance of TR in this specific application. In each measurement point, the
transmitted signal is precoded by the channel impulse response obtained on
the transmitter side in this point. As in Section 4.2.2, the plane Z = 0 is the
center plane, whereas the other planes were located above (-Az, -2Az) and
below (Az, 2Az) from Z = 0.

As evidenced in Section 5.2.2, a reciprocal channel can be assumed. Hence,
according to Equation (5.5), the estimated channel impulse response h*(—7) is
calculated from the S;, samples, whereas h(7) is the channel impulse response
obtained from S5, samples.
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Figure 5.5: Peak to peak gain at different Z planes

Figure 5.5 shows the values of G, for each Z plane. As can be observed, the
gain approximately varies from 4 to 11 dB, being higher when the implanted
transmitter and receiver are further away from each other. In addition, the
gain has higher values when the transmitter is located at the upper and lower
planes, i.e., (-2Az, 2Az) where the received power is lower. Section 4.2.2 shows
the losses in the liquid phantom within a distance between antennas from 4.8 to
9 cm. As can be observed in Figure 4.5 of Section 4.2.2, the losses are 5 dB/cm,
approximately. From the results obtained applying the TR technique shown in
Figure 5.5, the distance between transmitters could be roughly increased from
1 to 2 cm. As mentioned, this increase is greater when the antennas are farther
apart. It implies 11-22% of that without using TR signal processing. On the
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other hand, it is worth mentioning the impact of the diversity of the channel
in the performance of TR. Observing the diversity in transmission depicted in
Figure 4.7 of Section 4.2.2, it can be noted that there is a relation between
these values and the G)z,. From this figure, it can be concluded that G,
increases when the correlation decreases at the furthest distances.

5.3 MRC Technique for In-Body to On-body
Communications

Throughout this section, the MRC technique is tested to be used in IB20B
applications where a multi-receiver system is usually used. This technique is
applied to improve the channel performance in this particular scenario.

5.3.1 Measurement setup € Methodology

As an initial approach, the MRC technique is tested in an IB20B scenario.
Accordingly, MRC is applied in the phantom-based measurement campaign
explained in Section 4.3.1.1 particularized for the on-body receiving slot patch
antenna described in Section 3.3.3. In that measurement campaign, the minia-
turized CPW-fed UWB monopole antenna outlined in Section 3.2.2 acted as
in-body transmitter. The VNA and positioner configuration is summarized on
Table 4.4. In Section 4.3.1.1, the in-body transmitter is placed at 3 Z planes
separated steps of Az to each other. The plane Z = 0 is the center plane,
where the transmitter and the receiver are aligned in height, whereas the other
planes are located above (Az, 2Az) from this plane.

In order to make a more realistic study, the channel impulse response and
its conjugate are not obtained in the same way. On the receiver side, the
received signal is obtained and the channel impulse response is reconstructed
from the transmitted and received pulses. The conjugate for the weight values
is deduced from the channel estimation with the CLEAN algorithm explained
below, whereas the channel impulse response is measured by the VNA.
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Figure 5.6: Transmitted signal in frequency (a) and time (b) domain

5.3.2 Threshold Selection for CLEAN Algorithm

As mentioned in Section 5.1.3, CLEAN algorithm stops the iterative process
when a certain threshold, ~, is reached. In this section, the optimal threshold
is sought to reconstruct the channel impulse response efficiently.

This algorithm extracts the tap delay profile by knowing the transmitted
pulse. As a first approach, here a rectangular waveform which covers the
whole available bandwidth (3.1 - 5.1) is chosen. In Figure 5.6, the transmitted
pulse in the frequency and time domains are depicted.

In order to get the optimal threshold for the CLEAN algorithm, the chan-
nel impulse responses obtained from the measurement campaign described in
Section 4.3.1.1 are used. Specifically, the channel impulse response is obtained
when the in-body transmitter is located at X =4, Y =0, Z = 1, i.e., at the
center point of the XYZ mesh, and the on-body received is placed in the middle
of the external container wall (Y = 0, Z = 0). In order to measure the ac-
curacy of the algorithm, the correlation coefficients between the reconstructed
and the original received signal are obtained for different threshold values. In
Table 5.2, the correlation coefficient for 5 different thresholds are shown. As
can be noted, the correlation increases as the threshold grows up to 10 dB.
From this value, the correlation decreases because the algorithm becomes less
efficient. This is due to the influence of the bandwidth of the pulse on the
effectiveness of the CLEAN algorithm. In Figure 5.7, one can observe the loss
of efficiency of the CLEAN algorithm above 10 dB.
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Table 5.2: Correlation values for different thresholds

Threshold (v) Correlation coefficient

3 dB 0.665
5dB 0.815
10 dB 0.966
15 dB 0.574
20 dB 0.447
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Figure 5.7: Original and reconstructed received signal using the CLEAN algorithm with a
threshold of (a) 10 dB and (b) 20 dB

5.3.3 MRC Applied at In-body to On-body Communications

As first analysis of MRC for IB20B communications, this technique is ap-
plied in the IB20B scenario explained in Section 4.3.1.1 particularized for the
slot patch antenna. In addition to the central receiver, two other receivers are
considered. The three receivers are placed at the middle of the container's wall
(Y =0,Z=0), at -2)\ away in the Y axis (Y = -2\, Z = 0) and at 2\ away
in this axis as well (Y = 2\, Z = 0), being A the effective wavelength at the
central frequency of the bandwidth under analysis (4.1 GHz) considering the
propagation speed inside the phantom.
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According to the results of Section 5.3.2, the optimal value for the CLEAN
algorithm in this particular case is 10 dB. Therefore, this value of the threshold
is chosen as stop criteria of the CLEAN algorithm.

In Figure 5.8, the gain in SNR in dB applying MRC with the three afore-
mentioned receivers is shown. As can be observed, the gain is higher as the
distance between antennas is higher. Besides, this increment is greater when
the transmitter and receiver are located at different heights. The gain in SNR
varies from 4 to 12 dB, approximately. Considering the gain in SNR, it implies
an increment on the distance between transmitter and receiver from 1 to 2 cm.
As mentioned, this increase is greater when the antennas are farther apart as
well as at different heights. The distance between antennas could be enhanced
from 11 to 22% by using MRC technique.
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Figure 5.8: Gain in SNR applying MRC at different heights. (a) Z = 0, (b) Z = Az, (b)
7 = 2Az
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Chapter 6

Conclusions and Perspective

WBANS have a promising future. Many researchers are involved in the work
to enhance the current in-body networks. They know that there is a gap to be
filled.

The technology of wireless medical devices are far from the current advances
in wireless communications. The current standard for in-body communica-
tions, IEEE 802.15.6, only allows the use of narrow band systems. Even though
current wireless medical devices have a relative good penetration through hu-
man tissues and certain robustness, high data rate wireless connections are not
possible given the limited available bandwidth. To solve this issue, UWB tech-
nology has emerged as a potential candidate for the revision of this standard
to improve implanted communications qualitatively.

UWB measurements can be performed from an experimental or a mathemat-
ical point of view. This thesis is mainly focused on the experimental assessment
of the in-body UWB channel performance. In order to carry out this task, a
comprehensive study of the UWB in-body channel has been performed. From
the design of UWB antennas for this purpose to the study of the channel by us-
ing novel phantom-based measurement setups as well as in vivo measurements.
In addition, diversity-based techniques has been evaluated in order to achieve
more power on the receiver side so that the coverage between transmitter and
receiver can be increased.

137



Chapter 6. Conclusions and Perspective

The main contribution of this thesis are summed up in Section 6.1, whereas
proposed future works are detailed in Section 6.2.

6.1 Conclusions

This thesis was focused on contributing to UWB channel characterization as
well as enhancing the channel performance for future in-body communications.

In Chapter 3, achieving new implantable UWB transmitting antennas as
well as on-body receivers was the main goal. Two optimization and minia-
turization techniques were used for this purpose. On the one hand, the most
popular method to optimize antennas to work inside the human body was
applied. In this technique, firstly, the antenna is designed to work on frequen-
cies that are above the target frequency band. Then, the antenna is wrapped
with tissue layers. Taking into account the dielectric properties of human tis-
sues, it is expected that the resonance frequency shifts down. Applying this
technique, a new discone antenna was designed, miniaturized, optimized and
manufactured for this purpose. In order to enlarge the bandwidth as well as to
increase the input impedance, the back cavity technique and a short wall were
added to the first design. In this way, a tiny antenna for the capsule endoscope
was obtained achieving a bandwidth of 1 GHz in the low part of the UWDB fre-
quency band, approximately. Same results were obtained after manufacturing
the antenna with an aluminium material. Since the typical miniaturization
procedure involves a large number of trials with certain success, a new ap-
proach to optimize and miniaturized UWB antennas was developed. In this
case, the antenna was wrapped with the tissue layer since the first design stage.
This means that the optimization and miniaturization procedures are applied
considering the propagation medium from the beginning. In this way, the ra-
diation parameters that the antennas have in free space were trying to keep
up. With this technique, a well-known CPW-fed antenna with circular patch
was miniaturized to work inside the body. As evidenced the obtained results, a
broad bandwidth within UWB was achieved. Furthermore, the received power
was high enough to establish a proper communication link despite the drop of
the antenna efficiency. Besides, other radiation parameters such as the radia-
tion pattern were kept as well. Moreover, the channel performance was similar
compared with other larger antenna models for an IB20B scenario and even
better for certain distances between antennas in an IB20FF scenario. Com-
paring both techniques, it can be concluded that the direct design procedure
was more efficient than the traditional one. This is by the fact that the pop-
ular miniaturization procedure is based on a premise which does not seem to
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be good for antenna with large bandwidths. The optimization procedure can
become ineffective and inefficient in design time (trial and error).

The direct design procedure was applied on other antennas for in-body com-
munications. Specifically, a family of slot antennas was assessed as candidates
of UWB on-body receivers. Two slot antennas were miniaturized and opti-
mized by the direct antenna design procedure. The difference between both
models was that two circles were added to optimize one of the slots. In both
models were added a reflecting plane to focus the power to the area of interest.
A broad bandwidth and good penetration were achieved with the slot antenna
with circles. Besides, the input impedance was close to 50 €2 and the losses
were lower with this antenna within the lower part of UWB spectrum. After
manufacturing the slot antenna with circles, the values of antenna matching
obtained by simulations were compared with those obtained by using a human
subject. The real values were below -6 dB between 3 to 5.3 GHz, achieving an
absolute bandwidth greater than 2 GHz within the low part of UWB spectrum.

Chapter 4 deals with the experimental UWB channel characterization in
two different promising scenarios. These scenarios were the IB2IB and the
IB20B. First of all, a measurement campaign in a phantom-based IB2IB sce-
nario from 3.1 to 8.5 GHz is carried out. Two identical UWB monopole an-
tennas were used. Two monopole antennas miniaturized and optimized by the
direct antenna procedure were used. In this analysis, it was noted that the
signal significantly drops above 5.5 GHz. So only the contributions below this
frequency should be considered since the values below the noise level must
be disregarded. Afterwards, other measurement campaign was performed for
the same scenario and antennas, but considering a lower bandwidth than in
the previous study. The path loss models were fitted by a linear model. In
this study of IB2IB channel performance, losses were compared when samples
were considered different heights as well as considering all of them. As con-
cluded, even though the slope was higher at the center heights and took an
intermediate value considering all heights, there was no great variation. On
the other hand, the diversity of the channel was assessed for the IB2IB scenario
as well. With regard to the correlation in transmission, uncorrelated signals
were achieved when the nodes were separated by 4 A\ at least. In reception,
the receivers had to be more than 2 A away to reach uncorrelation.

In Chapter 4, the channel performance in several IB20B scenarios was
assessed as well. Firstly, the differences in the path loss values by using two
different on-body receivers were analyzed. One was a slot patch antenna with
a reflecting plane and the other one was a microstrip monopole antenna. As
implanted antenna, the aforementioned UWB miniaturized antenna was used.
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The best performance was achieved with the slot patch antenna because the
noise level was lower in comparison with the other one. This difference in the
antenna performance was more remarkable as the frequency increases. With
regard to the path loss using the slot patch antenna in the IB20B phantom-
based scenario, it was better fitted by a linear approximation models in the
lowest 500 MHz subband (3.1 - 3.6 GHz), but the trend changed to a log-
distance model as the subband grows. Considering the whole available band-
width (3.1 - 5.1 GHz), the trend was slightly better fitted by a linear model.
Moreover, the values obtained from an in vivo experiment were analyzed and
discussed with those of a phantom-based setup. For that, the same anten-
nas were used (slot and CPW-fed antennas). It was highly remarkable the
good agreement between in wvivo and phantom-based measurements. As the
frequency increased, the measurements performed with the phantom reached
the noise level, whereas the noise level was reached in higher frequency bands
and further distances in the in vivo measurements. Unlike the phantom-based
scenario, the path loss fitted better with a linear approximation model. This
was due to the difference in measured points between one setup and another.
However, there are not big differences either. Regarding the correlation in
transmission for the phantom-based IB20B scenario by using the slot antenna
as on-body receiver and the UWB CPW monopole as in-body transmitter, the
correlation increased as the distance between transmitters grew as well. Fur-
thermore, the correlation in upper frequency subbands was higher than that
of the low frequency ones. The results also evidence that the correlation val-
ues for the whole bandwidth were quite similar to those obtained at the lower
subband. On the other hand, the correlation in reception was assessed for a
phantom-based and in vivo scenarios. In both cases the correlation consider-
ably decreased as the distance between receivers was higher. In the case of
the phantom-based setup, the receivers should be separated more than 2 A
to obtain a low correlation. On the in wvivo experiment, the correlation was
too high when the transmitters are located in the same in-body position, and
significantly decreased as the transmitting antennas are positioned in different
in-body locations.

Chapter 5 was devoted to study methods based on diversity combining to
enhance the channel performance and to compensate the high losses of the
propagation channel. Time Reversal signal processing is applied in an IB2IB
scenario. This scenario can be the the intermediate step in the connection
between a deeply implanted node and an external one. The intermediate node
can be considered as a relay. First of all, the reciprocity of the channel was
studied and proved. Since the channel was reciprocal, it allows the use of Time
Reversal technique. Using the Time Reversal technique, a gain between 4 and
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11 dB was achieved. This enhancement implies that the distance between sen-
sors could increase from 1 to 2 cm, i.e. a 11-22% of that without applying time
reversal processing. This gain was higher when the correlation in transmission
decreases and the received power was lower.

Finally, in the same chapter, Maximal-Ratio Combining technique is used
in an IB20B scenario for the same purpose. IB20B communications are the
most popular in the medical field. In order to reconstruct the channel impulse
response, the CLEAN algorithm was applied. The gain in SNR applying MRC
with three receivers varied from 4 to 12 dB, which implied an increment of
the distance between antennas of between 1 and 2 cm. This increment led to
an increment between 11 - 22% of that without using MRC technique, being
higher when the distance between antennas increased.

6.2 Perspective

This thesis is a little grain of sand on a beach of thousands of miles long.
The amount of future works that can be derived is countless. This thesis aims
to be rigorous but general. This thesis attempts to cover all the phases until
a realistic and accurate characterization of the in-body propagation channel is
achieved.

Reducing the number of in vivo experiments is ethically and morally essen-
tial. Here, to solve this issue, a first approach of a high accurate phantom-
based setup is developed. Even though the validation with living tissues is in
good agreement, new phantoms such as skin or fat should be manufactured
and tested their effect on the propagation channel. In this way, the effects of
the heterogeneity of the human tissues on channel characterization could be
checked and compared with the results obtained from in wvivo experiments as
well as from the single phantom-based setup presented here.

As mentioned in this thesis, the literature is lack of UWB antennas for in-
body communications. Since this is a harsh propagation medium, the involved
antennas play an even more relevant role. The direct design procedure intro-
duced in this thesis must be used to get new antenna models to test much more
its effectiveness. The shape, size and technology of an antenna for in-body com-
munications could depend on the medical application as well as the device in
which the antenna will be embedded. Therefore, much smaller antenna models
must be designed with this new approach for medical devices such as the en-
doscopic capsule. Besides, more sophisticated and complex models including
certain parts of the capsule like the battery should be included in order to
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study its effect on radiation parameters. With regard to on-body receivers,
the on-body antennas designed in this thesis and new derived models should
be tested in more ez vivo experiments since the thickness of each human tissue
is different according to the anatomy of the assessed human subject.

Since future wireless networks aim at interconnecting thousand and thousand
of devices, more and more propagation scenarios must be studied. Regarding
future communications with implantable nodes, this thesis tries to contribute
to the gap that exists in literature. The in-body to in-body communication
scenario is completely unexplored. Therefore, many more studies in more
complex measurement setups must be carried out for later validation in an in
viwo experiment. Something similar happens in the in-body to on-body sce-
nario. Although the literature has contributions to this scenario within UWB
bands, more studies should be performed considering experimental setups with
high accurate phantoms in more complex environments. Furthermore, the ex-
perimental results should be checked with realistic simulations that take into
account complex digital models to further corroboration of the findings.

At the same time that the measurement setup is enhanced and refined, other
techniques based on channel diversity such as Equal Gain Combining or Se-
lection Diversity could be tested. In the techniques used in this thesis, other
kind of antennas can be chosen and the number of receivers can be increased
to perform deeper studies. On the other hand, the transmission scheme could
include a signal generator to reproduce a real situation.
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Appendix A

Dielectric Properties of Human
Body and Tissue-equivalent
Phantoms

There are two parameters that define the behavior of the electromagnetic
fields: the permittivity (€) which is related to the electric component, and the
permeability (), related to the magnetic component of the field. These param-
eters describe how the electromagnetic waves travel through space. The prop-
agation losses, reflections, speed, polarization and other effects are explained
considering these properties from the materials involved in the propagation
medium. The values of both parameters are usually given relative to those of
vacuum as relative permittivity (e,) and relative permeability (u,). These are
dimensionless, complex and also frequency dependent.

Normally, the propagation scenario is the air, where the waves reach the
maximum speed and the minimum losses, and just the properties of the ob-
stacles in between have to be taken into account. However, the number of
unconventional scenarios is growing at this time, like in this thesis, where the
body itself is the propagation medium. In the case of WBANSs, the magnetic
field can be neglected in the same way as in the air, because p,. is close to 1 as
well. Then, the relative permittivity becomes the key in such scenarios.
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As mentioned above, it is a frequency-dependent complex parameter, so it
has a real and an imaginary part:

e(f) = &l — je! (A1)

The real part is commonly known as dielectric constant, whereas the imagi-
nary one is usually termed as loss factor. Sometimes, the loss factor is expressed
as conductivity (S/m):

o(f) =2nfeoe! (A.2)

As can be observed in the previous equation, the frequency determines the
value of this property. There are plenty of studies about measuring the relative
permittivity of the body tissues. When analyzing these properties with the
frequency, it has been reported that there are some frequency ranges where
they change abruptly, the so-called dispersion regions. This behavior can be
observed in Figure A.1, where there are three changes in the slope.

These regions are related to the polarization mechanisms of the matter that
forms the tissues. Each drop in the values of the dielectric constant takes place
at certain frequency, when the mechanism is no longer present. The point
where this phenomenon appears is called relaxation frequency. For instance,
water molecules rotate following the electric field up to 19.3 GHz. From this
frequency value, they cannot reach such rotation speed and start to mismatch
and become out of phase. This misalignment is translated into losses, which
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Figure A.1: Relative permittivity of the fat and muscle tissues according to [12]. Dielectric
constant (a) and loss factor (b).

cause a peak in the loss factor at this frequency. The equation which best
describes the behavior of the values of the relative permittivity is the Cole-
Cole model: .

s~ Coo Os

- + - ,
1+ (Jwr)t=  jweg

el —jel =eoo + (A.3)

where £, is the infinite dielectric constant; e, is the static dielectric constant;
o, is the conductivity; w is the angular frequency; and 7 is a time constant.
This model achieves a good fitting for the dispersion regions by considering
different poles, which can be selected from one to four, depending on the
frequency range, i.e., the number of slope changes. Then, when measuring
the values of the body tissues at certain frequencies, they are fitted to this
model in a way that there is no need to provide all of the values but just
the parameters of the model. In addition, the curves for the concerned tissue
can be extrapolated for frequencies outside those measured. This can be useful
when a frequency range cannot be reached with the technology of the moment.

The most cited work as a reference for the values of the body tissues is the
Gabriel's compilation [12]. This source contains a database of 55 tissues, within
a frequency range from 10 Hz up to 100 GHz. One can appreciate that most of
the measurements were not performed on human beings, since this is restricted
by ethical and legal reasons, but with different animals. Results for all of them
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are included and combined within the Cole-Cole model in order to achieve
an average model for each tissue. In fact, there is a remarkable variability
between the values of different specimens due to age, gender or weight, among
other factors. This dispersion of the values is usually taken into account by
establishing a tolerance region of around a 10% deviation from the Gabriel
values in order to match the tissue of interest. Temperature is other of the
factors that changes the relative permittivity of the materials, and so that of
the tissues. It can be assumed that the temperature that should be used in
tests is that of the body in normal conditions, i.e., around 37 degrees Celsius.
Thus, researchers try to measure the dielectric properties at this temperature
regardless of the sample conditions, either in vivo or in vitro, where the excised
tissue is no longer vascularized. This latest fact changes other properties such
as the tissue moisture, which is extremely important in the final dielectric
properties. Once excised, tissues begin to dry out, and water is an important
constituent for most of them. There are studies that show the changes in the
permittivity due to their hydration [98].

There are several methods and measurement techniques for characterizing
the relative permittivity of the materials. Regarding the tissues, the open-
ended coaxial technique is the preferred one because of its multiple advantages
[99]-[101], including non-destructive and high bandwidth frequency measure-
ments [102]. This method is basically comprised of an open-ended coaxial
probe and a vector network analyzer, which measure the reflection parame-
ter (S1;) of the interface between the material under test and the probe's tip.
Then, the complex permittivity of the material can be calculated from the
scattering parameter. For this, a calibration with at least three different well-
known materials need to be performed before, e.g., air, short circuit and water
[103]. This calibration removes the influence of the elements of the setup such
as the connectors, cables or the probe itself, in a way that at the end just the
reflection on the tip surface is considered. The technique is suitable to measure
liquids and semisolids, so it is convenient for most of the tissues.

These permittivity values are used afterwards as target when simulating a
specific scenario in which the human body is present. Simulations are carried
out with either computer or physical phantoms that match these reference
values [104]. Regarding the physical or experimental phantoms, they are not
trivial to obtain or ensure the matching with the target values. Replacing a
tissue by a model made of a different material but with the same dielectric
properties is challenging. It is not possible to replicate the same behavior in
the whole frequency spectrum, so the attempts reported in the literature are
limited to certain frequency bands [105]. Traditionally, these bands were nar-
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row because technologies at that time did not make use of large bandwidths.
In these cases, a great deal of phantoms is reported in literature with their
corresponding formulation [106]. Most of them achieve a remarkable approxi-
mation, imitating even decimal values. However, nowadays, the need of higher
capacities has led to the demand of new technologies that benefit from wider
bands, e.g., UWB (3.1-10.6 GHz). These kinds of phantoms are not easily
found, since imitating not only the values but the behavior in frequency, i.e.,
the relaxation frequencies or dispersion regions, is restricted by the nature of
the materials. There are many attempts trying to replicate the tissues along
large frequency bands, being most of them unsuitable due to a bad approxi-
mation [40](see Figure A.2).
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Figure A.2: Relative permittivity of the 1M sucrose solution proposed in [40] compared to
the muscle tissue.

Recently, phantoms with high accuracy in such bandwidths has been re-
ported in [107] (see Figure A.3).
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Figure A.3: Relative permittivity of several phantoms [54], [107] (P, dashed lines) in
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