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Abstract

The current wireless communication landscape is de�ned by the
progressive deployment of Wireless Power Transfer (WPT) systems,
which have set high standards for e�ciency, practicality, and safety
in areas where traditional wired power transmission faces challenges
or poses hazardous technical problems. The last deployment of
WPT has taken place in implantable medical devices (IMDs) be-
cause of its ability to provide a continuous, reliable power supply
without the need for invasive procedures. While the most common
form of wireless power delivery in these devices is low-frequency
inductive coupling (f < 10 MHz), recent experimental results and
modeling have shown that optimal Power Transfer E�ciency (PTE)
occurs in the UHF band (300 MHz { 3 GHz). As a matter of fact,
several aspects of architectures, hardware designs and implemen-
tations of RF-based WPT systems for IMDs have been explored.
Although, they demonstrated considerable PTE when the transmit-
ting (TX) and receiving (Rx) antennas are perfectly aligned, the
slightest misalignment leads to signi�cant drop in e�ciency, caus-
ing a sharp decline in energy transfer. This thesis focuses on the
design and analysis of novel WPT systems for biomedical applica-
tions, introducing, for the �rst time, the use of Characteristic Modes
Analysis (CMA) based methodologies, with the goal of enhancing
the resilience and tolerance of these systems to misalignments.

In RF-based WPT systems for IMDs, a guideline for analysis and
fabrication is employed, focusing on interactions near resonance to
optimize energy transfer, e�ciency, and impedance matching. How-
ever, misalignments or environmental variations can disrupt these
ideal conditions, leading to signi�cant e�ciency loss. These fac-
tors highlight the need for a deeper physical understanding of the
complex interactions, particularly at non-resonant frequencies. The
CMA becomes particularly pertinent in this context, as it provides
a deeper physical insight into how minor misalignments or 
uctu-
ations in the operating environment disrupt optimal resonant con-
dition and alter the modal behavior of the system. A novel CMA
is introduced, analyzing the modal behavior of various system ar-
chitectures, including single-transmitter, dual-transmitter, strongly
coupled magnetic resonance, and near-�eld plates WPT systems,
to provide physical insight into the topic.
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Resumen

El actual panorama de las comunicaciones inal�ambricas est�a de�nido
por el despliegue progresivo de sistemas de Transferencia de Energ��a
Inal�ambrica (WPT, que han establecido altos est�andares de e�cien-
cia, practicidad y seguridad en �areas donde la transmisi�on de energ��a
mediante cables tradicionales enfrenta desaf��os o plantea problemas
t�ecnicos peligrosos. El �ultimo despliegue de WPT ha tenido lugar
en dispositivos m�edicos implantables (IMD) debido a su capaci-
dad para proporcionar un suministro continuo y �able de energ��a
sin necesidad de procedimientos invasivos. Si bien la forma m�as
com�un de entrega de energ��a inal�ambrica en estos dispositivos es el
acoplamiento inductivo de baja frecuencia (f < 10 MHz), resultados
experimentales recientes y modelos han mostrado que la e�ciencia
�optima de transferencia de energ��a (PTE) ocurre en la banda UHF
(300 MHz { 3 GHz). De hecho, se han explorado varios aspectos
de arquitecturas, dise~nos de hardware e implementaciones de sis-
temas WPT basados en RF para IMDs. Aunque demostraron una
considerable PTE cuando las antenas transmisora (TX) y receptora
(Rx) est�an perfectamente alineadas, la m�as m��nima desalineaci�on
provoca una ca��da signi�cativa en la e�ciencia, lo que causa una
fuerte disminuci�on en la transferencia de energ��a. Esta tesis se cen-
tra en el dise~no y an�alisis de nuevos sistemas WPT para aplicaciones
biom�edicas, introduciendo, por primera vez, el uso de metodolog��as
basadas en el An�alisis de Modos Caracter��sticos (CMA, por sus si-
glas en ingl�es), con el objetivo de mejorar la resiliencia y tolerancia
de estos sistemas ante desalineaciones.

En los sistemas WPT basados en RF para IMDs, se emplea una
gu��a para el an�alisis y la fabricaci�on, centrada en las interacciones
cercanas a la resonancia para optimizar la transferencia de energ��a,
la e�ciencia y el ajuste de impedancia. Sin embargo, las desalin-
eaciones o variaciones ambientales pueden interrumpir estas condi-
ciones ideales, lo que lleva a una p�erdida signi�cativa de e�ciencia.
Estos factores destacan la necesidad de una comprensi�on f��sica m�as
profunda de las interacciones complejas, particularmente a frecuen-
cias no resonantes. El CMA se vuelve particularmente pertinente
en este contexto, ya que proporciona una comprensi�on f��sica m�as
profunda de c�omo las peque~nas desalineaciones o 
uctuaciones en
el entorno operativo interrumpen la condici�on resonante �optima y



alteran el comportamiento modal del sistema. Se introduce un nove-
doso CMA, que analiza el comportamiento modal de diversas ar-
quitecturas de sistemas, incluyendo sistemas de un solo transmisor,
doble transmisor, resonancia magn�etica fuertemente acoplada y sis-
temas WPT de placas de campo cercano, para proporcionar una
visi�on f��sica sobre este tema.



R�esum�e

L'environnement technologique actuel des communications sans �l
est marqu�e par l'essor continu des syst�emes de transfert d'�energie
sans �l (Wireless Power Transfer, WPT), qui s'imposent comme une
solution performante, s�ecuris�ee et pratique dans des contextes o�u
la transmission �laire pr�esente des limitations fonctionnelles ou des
risques techniques. L'int�egration r�ecente du WPT dans les disposi-
tifs m�edicaux implantables (IMD) illustre pleinement ce potentiel,
en permettant une alimentation �electrique �able et continue, sans
recours �a des proc�edures invasives.

Traditionnellement, le transfert d'�energie dans les IMD repose sur
le couplage inductif �a basse fr�equence (f < 10 MHz). Toutefois,
des travaux r�ecents, combinant mod�elisation �electromagn�etique et
validation exp�erimentale, ont mis en �evidence que le rendement de
transfert d'�energie (Power Transfer E�ciency, PTE) peut être sig-
ni�cativement am�elior�e dans la bande UHF (300 MHz { 3 GHz).
Plusieurs contributions ont ainsi port�e sur l'optimisation des ar-
chitectures, la conception des dispositifs �emetteurs/r�ecepteurs et
la mise en �uvre de syst�emes WPT �a base de radiofr�equences.
N�eanmoins, bien que des performances �elev�ees soient atteintes sous
condition d'alignement optimal entre les antennes de transmission
(Tx) et de r�eception (Rx), une d�esalignement même minime provoque
une chute marqu�ee du rendement, limitant consid�erablement l'e�ca-
cit�e du syst�eme. Cette th�ese propose une approche innovante pour
la conception et l'analyse de syst�emes WPT adapt�es aux contraintes
des applications biom�edicales. Elle introduit, pour la premi�ere fois,
l'utilisation de m�ethodologies fond�ees sur l'analyse des modes car-
act�eristiques (Characteristic Mode Analysis, CMA) dans le but
d'am�eliorer la robustesse et la tol�erance des syst�emes WPT aux
d�esalignements m�ecaniques ou environnementaux.

Dans les syst�emes WPT �a base de RF pour les IMD, l'optimisation
repose g�en�eralement sur une exploitation du comportement proche
de la r�esonance a�n de maximiser le transfert d'�energie, l'e�cacit�e
globale et l'adaptation d'imp�edance. Toutefois, des �ecarts par rap-
port �a cette condition id�eale, induits par des variations d'alignement
ou des perturbations environnementales, peuvent d�et�eriorer dras-
tiquement les performances du syst�eme. Dans ce contexte, l'approche



CMA o�re un cadre analytique pertinent pour comprendre, �a un
niveau modal, l'impact physique de ces perturbations sur le com-
portement �electromagn�etique du syst�eme, en particulier dans les
r�egimes non r�esonants.

La th�ese propose une nouvelle application de l'analyse modale pour
caract�eriser le comportement �electromagn�etique de di��erentes ar-
chitectures WPT, incluant les con�gurations �a simple �emetteur, �a
double �emetteur, les syst�emes �a r�esonance magn�etique fortement
coupl�ee (CSCMR), ainsi que les dispositifs �a plaques de champ
proche (Near-Field Plates). L'objectif est de fournir une compr�ehension
physique approfondie de la dynamique modale a�n d'identi�er, contrôler
et exciter s�electivement les modes les plus favorables au transfert
d'�energie dans un contexte biom�edical contraint.



Resum

El context actual de les comunicacions sense �l est�a de�nit pel
desplegament progressiu dels sistemes de Transfer�encia d'Energia
Sense Fil (WPT), que han establert altes normes d'e�ci�encia, prac-
ticitat i seguretat en �arees on la transmissi�o d'energia mitjan�cant
cables tradicionals s'enfronta a reptes o planteja problemes t�ecnics
perillosos. El darrer desplegament de WPT ha tingut lloc en dis-
positius m�edics implantables (IMD) a causa de la seva capacitat per
proporcionar una alimentaci�o cont��nua i �able sense la necessitat de
procediments invasius.

Tot i que la forma m�es comuna de transfer�encia d'energia sense �l
en aquests dispositius �es el acoblament inductiu de baixa freq•u�encia
(f < 10 MHz), resultats experimentals recents i models han de-
mostrat que l'e�ci�encia �optima de transfer�encia d'energia (PTE)
es produeix en la banda UHF (300 MHz { 3 GHz). De fet, s'han
explorat diversos aspectes d'arquitectures, dissenys de maquinari
i implementacions dels sistemes WPT basats en RF per a IMD.
Encara que van demostrar una PTE considerable quan les antenes
emissora (TX) i receptora (Rx) estan perfectament alineades, la m�es
m��nima desalineaci�o provoca una caiguda important de l'e�ci�encia,
causant una forta disminuci�o en la transfer�encia d'energia. Aque-
sta tesi es centra en el disseny i l'an�alisi de nous sistemes WPT per
a aplicacions biom�ediques, introduint, per primera vegada, l'�us de
metodologies basades en l'An�alisi dels Modes Caracter��stics (CMA),
amb l'objectiu de millorar la resili�encia i la toler�ancia d'aquests sis-
temes davant desalineacions.

En els sistemes WPT basats en RF per a IMD, s'utilitza una guia
per a l'an�alisi i la fabricaci�o, centrant-se en les interaccions prop-
eres a la resson�ancia per a optimitzar la transfer�encia d'energia,
l'e�ci�encia i l'adaptaci�o d'imped�ancia. No obstant aix�o, les de-
salineacions o variacions ambientals poden interrompre aquestes
condicions ideals, provocant una p�erdua signi�cativa d'e�ci�encia.
Aquests factors destaquen la necessitat d'una comprensi�o f��sica m�es
profunda de les interaccions complexes, especialment a freq•u�encies
no ressonants. El CMA esdev�e especialment pertinent en aquest
context, ja que proporciona una comprensi�o f��sica m�es profunda de
com petits desalineaments o 
uctuacions en l'entorn d'explotaci�o in-
terrompen la condici�o ressonant �optima i alteren el comportament



modal del sistema. Es presenta un nou CMA, que analitza el com-
portament modal de diverses arquitectures de sistemes, incloent-hi
sistemes d'un sol emissor, doble emissor, resson�ancia magn�etica for-
tament acoblada i sistemes WPT de plaques de camp proper, per
a proporcionar una visi�o f��sica sobre aquest tema.
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Chapter 1

Introduction

In the last decade, the rapid evolution of biomedical technologies has spurred
signi�cant advancements in the design and implementation of medical devices,
enabling continuous monitoring, targeted treatment, and improved quality of
life for patients [1]. The surge has led to the development of numerous complex
diagnostic tools and monitoring devices, such as implantable medical devices
(IMDs) and wearable medical devices (WMDs) [2].

Recent studies and industry projections for the global medical implants
market indicate a signi�cant growth in demand for various types of implants
in di�erent medical specialties, including orthopedic spinal [3], [4], neurostim-
ulator [5], cardiovascular [6], and ophthalmic [7] implants. However, the de-
velopment of healthcare-embedded systems presents clear challenges [8]. First,
predicting or detecting the lead connection of an on-board battery after im-
plantation is di�cult. Moreover, regular changes of implanted batteries to pro-
long the lifespan of the system present potential risks to patients [9]. Among
the most notable power sources previously used for IMDs are electrochemical
sources, such as lithium-ion batteries [10]. These batteries consume a substan-
tial portion of the internal space within the device, increase local temperatures,
and contribute to the overall bulk of WIMDs, which is in contrast to the ongo-
ing trend of miniaturization within modern healthcare systems. As a prominent
solution to these issues, Wireless Power Transfer (WPT) technology has been
widely proposed and researched over the past decade [8{10].

Near Field WPT for Biomedical Applications

WPT o�ers a promising solution by ensuring the rechargeability of implantable
devices without the need for bulky batteries; Hence, allowing for reasonable de-
vice sizes. In addition, it eliminates the need for battery replacement surgeries,
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CHAPTER 1. INTRODUCTION

Figure 1.1: EM radiation based WPT for IMDS: (a) Inductive NF [11], (b)
Capacitive NF [11], (c) Mid-�eld [12], (d) Far-�eld [13].

signi�cantly reducing associated risks. WPT is a technology that is being ex-
plored as a potential solution for powering IMDs through Electromagnetic (EM)
radiations [8]. WPT systems are broadly categorized into Near-Field (NF) mag-
netic [14{16], NF capacitive [11, 17, 18], mid-�eld, and Far-Field (FF) [19{21]
radiation coupling (see Fig. 1.1). Their main distinctions are based on the
transmission distance between the transmitter (Tx) and the receiver (Rx), as
well as the operating frequency of the IMD. Yet, due to the complexity of hu-
man tissue, radiation coupling can lead to time- and frequency-selective fading,
which presents challenges for both antenna and system design.

Indeed, the human body exhibits signi�cant absorption of EM radiation,
particularly in the frequency range of 100 MHz to 10 GHz, which results in
substantial power losses. Consequently, to compensate for these losses, higher
power levels are often required, which increase the speci�c absorption rate
(SAR) values [22]. Given the stringent safety regulations in medical applica-
tions, the power received from radiation-based coupling methods must be kept
below 1 mW to stay within acceptable safety limits. Taking into consideration
these challenges, NF magnetic coupling blooms as the solution to ful�ll the
requirements for IMDs:
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ˆ A stable and uniform magnetic 
ux, resulting from the close proximity
of the transmitting (Tx) and receiving (Rx) coils, which plays a crucial
role in achieving high Power Transfer E�ciency (PTE) [8]

ˆ Similar behavior to free space is observed due to the human body's non-
magnetic properties (� r = 1), supporting stable and e�cient power trans-
fer [22]

ˆ Lower SAR with reduced energy absorption in lossy dielectric mediums,
including water, underground environments, and biological tissues [23,24]

ˆ A relatively short distance between the Tx and Rx coils, as the power
rapidly attenuates with increased distance, necessitating tight alignment
tolerances

Despite its advantages, NF coupling presents limitations, including the
rapid attenuation of transmitted power with increasing distance and the ne-
cessity for precise alignment between the Tx and Rx. In particular, multiple
research works have advanced the design of NF WPT for IMDs at frequencies
such as 5{10 MHz [25], 13.56 MHz [26], 39.86 MHz [27], 403 MHz [28], 430
MHz [29], and 434 MHz [30]. Due to sensitivity, misalignment, small coupling
coe�cients, and a low quality factor (Q) of the coils, these systems typically
exhibit a low PTE of approximately � 47% [31]. On the other hand, FF WPT
for IMDs , which use rectennas to convert RF energy into DC power, have been
investigated at frequencies like 1.96 GHz [32], 2.45 GHz [33], 3.7 GHz [34], and
0.915/2.4/5.8 GHz [35]. FF systems have shown less sensitivity to misalignment
over longer distances; however, they su�er from a much lower PTE of around
� 1%, compared to NF systems [36]. As a result, NF WPT is commonly utilized
to power IMDs, with inductive coupling being the most prevalent method due
to its high overall transmission e�ciency.

Antenna Design

In 1899, Nikola Tesla conducted pioneering experiments in WPT, devoting his
e�orts to developing schemes for transferring power wirelessly using high-power
electromagnetic waves [37]. Despite his groundbreaking e�orts, the results were
marked by limited success and reproducibility, as typical embodiments (e.g.,
Tesla coils) generated undesirably large electric �elds.

In the past decade, interest in wireless power has reemerged, driven by
the increasing use of autonomous electronic devices such as laptops, smart-
phones, robots, etc. [38, 39]. Although radiative transfer via lasers or highly
directional antennas is perfectly suitable for transferring information, it poses
several di�culties for WPT. The PTE is very low if the radiation is omnidirec-
tional, and unidirectional radiation requires an uninterrupted line of sight and
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CHAPTER 1. INTRODUCTION

Figure 1.2: Examples of coil-based WPT systems for biomedical
applications [8]: (a) Deep brain stimulator, (b) Retinal neurostimulator,

(c) Spinal for a Cochlear implant system, (f) Heart pacemaker.

sophisticated tracking mechanisms, particularly in scenarios involving mobile
objects [40].

In 2007, an MIT research team developed an innovative system that utilizes
strongly coupled magnetic resonances, signi�cantly extending the magnetic in-
duction power transfer range [41]. The setup included two identical single-loop
copper coils, positioned in the Tx and Rx units, with a radius of 25 cm. The
Tx coil generated a magnetic �eld at a resonant frequency of 9.9 MHz, en-
abling energy transfer up to eight times the coil radius while maintaining 40%
e�ciency over distances greater than two meters.The pioneering concept of
"WiTricity" marks a signi�cant breakthrough in WPT technology, utilizing
strongly coupled magnetic resonance and loop coil architectures to enhance
PTE and range. Unlike conventional methods such as simple induction, mi-
crowaves, or air-ionization, this technology relies on strong coupling between
electromagnetic resonant entities for e�cient energy transmission. Both Tx
and Rx, equipped with magnetic loop antennas, are precisely tuned to the same
frequency. The proposed system primarily uses magnetic �elds for coupling,
with electric �elds con�ned within device capacitors, ensuring greater safety
compared to electric-�eld-based resonant energy transfer mechanisms [42].

Since then, research has continued to explore magnetic coupling through
loop antennas. In 2015, [43] provided a comprehensive overview of wireless
power transmission, while [44] examined its typologies and potential to re-
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duce transmission losses. Subsequent studies have addressed key challenges,
including e�ciency limitations 2019 [45], multiresonator systems, and lateral
misalignment in multitransmitter con�gurations [46]. More recent advances
have focused on inductive loop coupling, with extensive research dedicated to
developing prototypes of resonant magnetic coupling, particularly for biomed-
ical applications [8], [47]. In this context, IMDs and WMDs have employed
Inductive Power Transfer (IPT) and Magnetic Resonant Coupling (MRC) tech-
niques for wireless power transfer, with both approaches relying on coil-based
systems (see Fig. 1.2). Therefore, the computation and analysis of magnetic
NF coupling between circular wire coils remains a critical research topic, given
its importance in various technological and scienti�c �elds [48].

Misalignement Sensitivity of WPT

Although inductive power transfer (IPT) and magnetic resonance coupling
(MRC) systems are the most widely used methods for biomedical WPT, their
loop-based structures are sensitive to misalignment [49{51]. In particular, PTE
is signi�cantly a�ected by variations in magnetic coupling between the Tx and
Rx coils [52]. These variations occur when the Rx coil is not perfectly aligned
with the Tx coil or when an unexpected misalignment occurs. The misalign-
ment scenarios between the Tx-Rx coils are broadly classi�ed as lateral [53],
angular [54], and longitudinal [55]. Lateral misalignment refers to the dis-
placement of the coplanar Rx coil relative to the Tx coil, whereas angular
misalignment refers to the rotation of the Rx coil from its intended orienta-
tion. The longitudinal misalignment concerns the variation in the transfer
distance between the Tx-Rx coils. Among these, lateral misalignment is the
most prominent in many WPT applications [56].

Several studies have put e�orts to mitigate the misalignment problem in
wireless biomedical electric-driven devices, where misalignment issues are even
more critical because of the complex and dynamic nature of the human body
[57] (see Fig. 1.3). Traditional solutions, such as sensing coils combined with
mechanically movable robots, have been explored to correct misalignment in
WPT systems; however, their high maintenance demands, susceptibility to
damage, and lack of precision make them unsuitable for biomedical applica-
tions [58]. Similarly, hybrid compensation networks, despite improving PTE
in certain scenarios, introduce excessive complexity, increase power losses, and
pose safety concerns due to potential tissue heating, making them impracti-
cal for biomedical use [59]. While metamaterials o�er an alternative approach
to enhancing WPT performance, their inherently bulky structure limits their
feasibility for biomedical implants, where miniaturization is crucial [60]. In
contrast, more e�cient approaches, such as the deployment of multi-coil in-
ductive links [61] and the incorporation of ferrite cores [62], have demonstrated
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CHAPTER 1. INTRODUCTION

Figure 1.3: Misalignment Solutions in WPT for Biomedical Systems:
(a) Multi-coil inductive links [61], (b) Incorporation of ferrite cores [62],

(c) Positioning of a metasurface between the Tx and Rx loops [60].

signi�cant advantages in addressing misalignment challenges. However, achiev-
ing precise alignment between the Tx and Rx loops remains crucial for proper
performance of the system.

Within this framework, numerous studies have been carried out to ana-
lyze and develop models for NF magnetic coupling in IPT and MRC systems.
Their main objective consists of enhancing the PTE of WPT systems by under-
standing the in
uence of critical parameters, such as antenna size, separation
distance, and misalignment, on the e�ectiveness of the system. The proposed
techniques include circuit-based analysis [63] and the use of mathematical equa-
tions in analytical modeling [56]. However, to ensure their accuracy in address-
ing the speci�c challenges of WPT systems, these coupling analysis methods
aim to align with experimental measurements. Therefore, hybrid modeling,
which combines experimental data with coupling analysis, o�ers greater preci-
sion in assessing the e�ciency and e�ectiveness of WPT systems in practical
applications. This PhD will provide characteristic modes analysis to elucidate
the physical phenomena underlying various misalignment scenarios, rigorously
validated through experimental measurements.

Characteristic Modes Analysis

Characteristic Modes Analysis (CMA) is employed throughout the thesis to
harness the physical insights obtained from investigating the inherent reso-
nances of the analyzed structures. This methodology not only simpli�es the
design process but also provides a clear visual framework for understanding the
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radiation mechanisms of antennas throughout their operating bands. Following
this overview, Chapter 2 o�ers a comprehensive exploration of the Theory of
Characteristic Modes (TCM).

Based on the method of moments and employing Rao Wilton Glisson basis
functions, the TCM was initially proposed and formulated by Garbacz [64]
and later re�ned by Harrington and Mautz in the seventies [65, 66]. Initially
utilized in antenna geometry synthesis and scattering, TCM remained a niche
topic and has largely been overlooked by the antenna community. However,
its potential for simplifying antenna design was revitalized in 2007 (see Fig.
1.4(a)) when the Antennas and Propagation Lab (APL) at the Universitat
Polit�ecnica de Val�encia published an article [67] introducing the theory for hot
topic applications such as the excitation of mobile phone chassis modes.

In Fig. 1.4, the cumulative count of IEEE publications based on CMA
is presented, showing a signi�cant increase since 2007, surpassing the count
recorded in the years following its initial discovery. This exponential growth
highlights the increasing adoption of CMA in antenna design during the last
decade, demonstrating its usefulness in providing physical insight into radiating
performance and o�ering a systematic approach to developing antennas with
speci�c radiation characteristics. The deployment of modal solutions into elec-
tromagnetic software has further contributed to this rise, reinforcing CMA's
role in advancing antenna design methodologies.

Figure 1.4: Number of publications related to characteristic modes published
in IEEE: (a) Since 2007, (b) Since their formulation in 1971.

From a technical perspective, designing and modeling antennas with ar-
bitrary geometries necessitates the use of electromagnetic simulation software
due to the absence of analytical solutions. These antenna models must be
discretized and solved using numerical methods, where factors such as oper-
ating frequency, complexity, and desired accuracy in
uence the required mesh
resolution; hence, �ner meshing increases simulation time.

Notably, the integration of antennas into platforms with diverse geometries
poses a signi�cant challenge for designers, as multiple operating principles in-
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CHAPTER 1. INTRODUCTION

teract within the same resonating structure. This complexity results in an
increased number of simulations, given the uncertainty regarding the optimal
placement and excitation method. The TCM is based on solving an eigen-
value problem for a given conductive or dielectric body, yielding a set of real
current modes known as Characteristic Modes (CM) or eigenmodes. CM of-
fer a solution by providing critical insights into the natural resonances of any
platform, as well as the appropriate location and type of feeding required for
resonance tuning and excitation. Consequently,A key advantage of TCM over
traditional design methods is its ability to provide a clear physical understand-
ing of the radiation phenomena that contribute to antenna performance. This
insight enables a more e�cient design and optimization process while reducing
computational demands.

CMs allow the decomposition of the total current on the surface of a con-
ducting body into a set of orthogonal functions which can be numerically com-
puted for any arbitrary structure. These modes o�er valuable information for
antenna design by providing a physical interpretation of radiation performance.
In particular, CMs are calculated independently of any excitation, relying solely
on the size and shape of the analyzed body. This excitation-independent nature
is particularly useful for initial analyzing surface currents, facilitating the op-
timal selection of excitation type and location to achieve the desired radiation
characteristics.

The design process of an antenna using CMA consists of two main steps.
First, the antenna's geometry is optimized to align the modal resonance with
the desired frequency. In the second step, the feeding mechanism is re�ned to
e�ectively excite the targeted modes. The number of modes that can be ex-
cited provides an estimation of the achievable bandwidth. In summary, CMA
o�er a structured approach to antenna design, providing a controlled method-
ology that enhances understanding by o�ering a graphical representation of the
antenna's operating principles.

1.1 Motivation and Context

This Ph.D. thesis was developed within the framework of a cotutelle agreement
between the Universitat Polit�ecnica de Val�encia (UPV - Val�encia, Spain) and
the Universit�e du Qu�ebec en Outaouais (UQO - Gatineau, Canada) and was
conducted at the Antennas and Propagation Lab (APL) of UPV. Additionally,
it was supported by the Mobility Grant for Ph.D. Students with CoTutelle
from the Universitat Polit�ecnica de Val�encia.

In addition, this research initiative was launched at the Antennas and Prop-
agation Lab (APL), which has a longstanding tradition in designing and study-
ing antennas using CMA, having published numerous high-impact journals that
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1.2 Objectives

have attracted signi�cant attention. As pioneers in applying CMA to modern
antenna design [67], APL reintroduced the Theory of Characteristic Modes
(TCM) to the antenna community. In recent years, TCM has been extended
to various applications, including small antennas [68], vehicle-mounted anten-
nas [69], MIMO antennas [70], and wideband antennas [71]. This extensive
application of TCM, coupled with the demand for e�cient solutions in wire-
less biomedical devices, underpins the decision to dedicate this thesis to the
analysis and design of biomedical WPT systems using CMA.

Furthermore, the APL group is actively involved in national and inter-
national projects focused on the design and integration of antennas for IoT,
LTE/5G, and satellite communications applications. This project served as a
valuable introduction to the limitations of WPT systems and the key challenges
associated with their integration into biomedical applications. Additionally, as
part of this thesis, an internship was conducted at the Institut National de
la Recherche Scienti�que (INRS) in Montreal, Canada, providing an oppor-
tunity to collaborate with highly experienced scientists. Given these factors,
this thesis begins with an analysis of traditional WPT systems using CMA and
concludes with the proposal of novel approaches to optimize WPT systems for
biomedical applications.

The expertise gained throughout this thesis, encompassing fundamental
electromagnetic theory, as well as analysis, design, and measurement of an-
tennas facilitated the acquisition of multiple university lecturer positions in
Canada, teaching courses related to these specialized �elds.

1.2 Objectives

This thesis pursues two global objectives. The �rst is to utilize CMA to pro-
vide deeper insight into the near-�eld magnetic coupling analysis between loop
antennas, as the next generation of IMDs is expected to incorporate closed-
loop systems integrating sensors, actuators, and algorithms to facilitate their
interaction [72]. This is particularly relevant given the complications associ-
ated with wires commonly used in deep brain stimulation devices, pacemakers,
and implantable cardioverter-de�brillators. These wires can lead to infections
or introduce noise in recordings due to movement artifacts, highlighting the
need for alternative WPT solutions to enhance the reliability and safety of
biomedical implants.

The second objective is to analyze both existing and innovative WPT
biomedical systems, focusing on their behavior around resonance to achieve
optimal performance. Traditionally, the e�ciency of these antenna systems
is assessed solely throughS21 parameters, without a deeper physical interpre-
tation. In this thesis, a CMA based analysis will be conducted to provide
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CHAPTER 1. INTRODUCTION

a comprehensive explanation of optimal magnetic �eld intensity across vari-
ous proposed systems, o�ering deeper insights into their e�ciency and design
optimization.

The following speci�c objectives have been de�ned:

1. Develop a comprehensive reference for future research on CMA and WPT
systems for IMDs, focusing on enhancing NF magnetic coupling between
coils, leveraging the deeper penetration and increased safety of magnetic
�elds over electric �elds for improved WPT biomedical devices.

2. Conduct a generalized modal coupling framework based on CMA and
Coupled Mode Theory (CMT) to enhance antenna performance and ex-
tend their application across diverse wireless communication systems, in-
cluding IoT devices employing loop and coil antennas.

3. Analyze the designed antennas by evaluating the e�ects of various con-
�gurations, sizes, and frequency bands on WPT system performance, in-
vestigating electromagnetic interactions through parametric evaluations,
including separation distance, overlap, misalignments, and angular sensi-
tivities using the TCM, for improved PTE in biomedical applications.

4. Optimize the antenna system's resonance behavior for peak performance
by tuning speci�c CMs to con�gurate the coupling at desired frequencies,
with validation through measurements conducted in a clean laboratory
at UPV.

5. Analyze with CMA the impact of di�erent transmitters con�gurations,
proposing new WPT link designs and con�gurations to enhance magnetic
coupling and the PTE while minimizing e�ciency losses due to misalign-
ment.

6. Develop a novel selective excitation technique based on CMA to enhance
PTE in biomedical applications.

1.3 Methodology

The �rst phase of the thesis includes a comprehensive bibliographic review,
which will be conducted extensively during the documentation and state-of-the-
art phase and will become more focused as the research progresses. The review
of scienti�c literature will primarily rely on indexed databases such as Web of
Science (WoS), with a particular emphasis on IEEE Xplore, which specializes in
antennas and microwaves. To complement this continuous information intake,
active participation in national and international conferences related to the
research topic is planned. Additionally, specialized courses relevant to the study
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1.4 Thesis Structure

were delivered by experienced professors at the Escuela T�ecnica Superior de
Ingenier��a de Telecomunicaci�on (UPV) and the European School of Antennas
(ESoA).

The second phase of the thesis focuses on the analysis of WPT systems
using CMA in free space. This phase involves examining prevalent WPT sys-
tems commonly employed in both industry and research, utilizing CMA to gain
deeper insights into their performance. Various parametric investigations will
be conducted, including misalignment scenarios resulting from typical device
or user movements, to thoroughly assess the impact on modal coupling. Ad-
ditionally, the study will involve post-processing the interactions and modal
coupling e�ects between multiple radiating structures using the Coupled Char-
acteristic Modes Theory (CCMT). Special attention will be given to analyze
the in
uence of antenna size, particularly the e�ect of increasing loop width on
coupling e�ciency.

The third phase of the thesis is based on enhancing Power Transfer E�-
ciency (PTE) and evaluating the magnetic �eld distribution through a compar-
ative analysis of various con�gurations, including both proposed designs and
those documented in existing literature. This phase involves a detailed com-
parison between manufactured Strongly Coupled Magnetic Resonance (SCMR)
and Conventional SCMR (CSCMR) systems, utilizing CMA to assess their ef-
�ciency. By leveraging CMA, this analysis aims to provide deeper insight into
the electromagnetic mechanisms responsible for their superior performance and
broad applicability across diverse research �elds.

The fourth phase is dedicated to validating the �ndings obtained through
CMA via practical measurements. This phase involves experimental veri�ca-
tion of the theoretical analyses conducted throughout the study. Additionally,
a �nal optimized design will be presented, integrating the insights gained from
previous phases to propose an innovative RF solution for WPT applications,
enhancing e�ciency and applicability in real-world scenarios. The Antennas
and Propagation Laboratory (APL) of the Institute of Telecommunications and
Multimedia Applications (iTEAM) has provided the equipment to perform this
process.

Throughout the thesis, the most relevant results disseminated to the sci-
enti�c community through articles in journals and congresses related to the
research topic, underscoring their novelty and impact in the �eld.

1.4 Thesis Structure

The thesis is divided as follows:
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CHAPTER 1. INTRODUCTION

Chapter 1 introduces the core topics of the thesis, along with a detailed
overview of its main objectives, methodology, motivation, and contextual frame-
work.

Chapter 2 details the mathematical formulation of the Theory of Charac-
teristic Modes and enumerates the key parameters employed in CMA. Speci�c
parameters are illustrated using a loop antenna, which serves as the primary
component in both IPT and MRC WPT systems, thereby o�ering additional
physical insight into WPT.

Chapter 3 conducts a novel CMA-based methodology for a comprehensive
investigation of NF magnetic coupling in an MCR-WPT system through the
lens of TCM, governed by Coupled Mode Theory (CMT). This chapter ex-
plores various misalignment scenarios, revealing signi�cant modal interactions
responsible for coupling and frequency shifts.

Chapter 4 sets the groundwork for comparing simulation and measurement
results of CMA for the various misalignment scenarios proposed in the previous
chapter. This comprehensive comparison validates the e�ectiveness of CMA
in providing critical insights into the performance of WPT systems, and its
relevance for practical applications.

Chapter 5 leverages the e�ectiveness of CMA, as established in the pre-
ceding chapters, to enhance PTE through a comparative analysis of various
con�gurations for biomedical applications. This study examines both innova-
tive designs and established con�gurations from the literature, including dual
Tx topologies, and NF plates.

Chapter 6 proposes an axial misalignment-tolerant solution for biomedical
WPT systems by deploying a dual Tx con�guration that employs a conven-
tional Wikelson Power Divider (WPD). The novelty of this approach lies in its
elimination of the need for an additional power source, utilizing near-�eld (NF)
focusing concepts.

Chapter 7 Chapter 3 explores the design and analysis of SCMR and
CSCMR systems, emphasizing their physical interpretation through the TCM.
The optimized performance of the CSCMR system is demonstrated by selec-
tively exciting speci�c modes that enhance e�ciency. This chapter also in-
vestigates selective excitation techniques to analyze and improve NF magnetic
coupling.

Chapter 8 outlines the principal conclusions of the thesis.
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Chapter 2

Characteristic Modes
Analysis (CMA)

2.1 Introduction

Characteristic Modes Analysis (CMA) is a powerful tool for examining and
visualizing the radiation performance of metallic structures. This chapter in-
troduces the mathematical framework of the Theory of Characteristic Modes
(TCM), which underscores the application of CMA throughout this thesis.
In addition, a review of key CMA applications in antenna coupling in recent
decades is provided, o�ering a comprehensive state-of-the-art perspective that
lays the foundation for the research presented in the following chapters.

2.2 Mathematical Foundations of the TCM

By diagonalizing the scattering matrix, Garbacz introduced Characteristic Modes
(CMs) [64], demonstrating that the resulting modal currents are real and that
the tangential modal electric �eld maintains a constant phase a over the body's
surface. Subsequently, Harrington [65] introduced a re�ned formulation by di-
agonalizing the operator that relates the current to the tangential electric �eld
on a body. He proposed a weighted eigenvalue equation to obtain the same
modes introduced by Garbacz in a more accessible manner.

Figure 2.1 features a typical scenario in the computation of characteristic
modes with an arbitrarily shaped perfect electric conductor (PEC) de�ned by
the surfaceS and an incident electric �eld E i . The formulation of the Theory
of Characteristic Modes for conducting bodies originates from the operator
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CHAPTER 2. CHARACTERISTIC MODES ANALYSIS (CMA)

Figure 2.1: Typical Scenario for the computation of characteristic modes, and
system coordinates.

equation (2.1), which relates the currentJ on the surfaceS and the tangential
component of an electric incident �eld E i .

[L (J ) � E i ]tan = 0 (2.1)

where the subscript tan denotes tangential components onS. The linear
operator L is de�ned as follows:

L (J ) = jwA (J ) + r �( J ) (2.2)

A(J ) = �
�

S
J (r 0) (r; r 0)ds0 (2.3)

�( J ) = �
1

jw"

�

S
r 0J (r 0) (r; r 0)ds0 (2.4)

 (r; r 0) =
e� jk j r � r 0j

4� jr � r 0j
(2.5)

where r 0 represents a source point,r a �eld point, k the wavenumber, " the
permittivity, and � the permeability of the free space.

The term � L (J ) can be physically interpreted as the electric intensity at
any point in the space produced by the currentJ on the surfaceS. This implies
that the operator L in 2.1 has impedance dimensions and can thus be rede�ned
using the following notation:

Z (J ) = [ L (J )]tan (2.6)
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2.2 Mathematical Foundations of the TCM

where the Z operator is complex and de�ned in [65] as:

Z (J ) = R(J ) + jX (J ) (2.7)

2.2.1 Characteristic Currents

Following the approach developed in [65], characteristic current modes emerge
as the eigenfunctions of a weighted eigenvalue equation:

X ( ~Jn ) = � n R( ~Jn ) (2.8)

where X and R are, respectively, the imaginary and real parts of the
impedance operatorZ , � n stand for the eigenvalues, and~Jn present the eigen-
functions (also called eigencurrents or characteristic currents). Based on the
reciprocity theorem, the operator Z is a linear symmetric operator; hence, its
hermitian parts ( X and R) will be real symmetric operators. From this, � n

and ~Jn must be real and satisfy orthogonality relationships.
According to [65], upon the normalization of each radiating eigencurrent

(hJn
� ; RJn i = 1), they ful�ll the orthogonality relationships, which can be

summerized as:

hJm ; RJn i = hJ �
m ; RJn i = � mn (2.9)

hJm ; XJ n i = hJ �
m ; XJ n i = � n � mn (2.10)

hJm ; ZJ n i = hJ �
m ; ZJ n i = (1 + j� n )� mn (2.11)

where � mn is the Kronecker delta (1 if m = n ,and 0 if m 6= n).

2.2.2 Characteristic Fields and Patterns

The eigencurrents Jn produce electric En and magnetic Hn �elds known as
eigen�elds or characteristic �elds. By applying the complex Poynting theorem,
the orthogonality relationship for the characteristic �elds is derived from that
of the characteristic currents:

P(Jm ; Jn ) = hJ �
m ; ZJ n i = hJ �

m ; RJn i + j hJ �
m ; XJ n i

=
�

S0

~En � ~H �
n ds + jw

�

� 0
(� ~Hm � ~H �

n � " ~Em � ~E �
n )d�

= (1 + j� n )� mn

(2.12)
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CHAPTER 2. CHARACTERISTIC MODES ANALYSIS (CMA)

Drawing analogy with Fig.2.1, if the surface S is of �nite extent and S0 is
chosen as the radiation sphereS1 , it can be demonstrated:

1
�

�

S1

~En � ~E �
m ds = � mn (2.13)

Then, characteristic electric �elds form an orthonormal set, in the Hilbert
space of all square-integrable vector functions onS1 . The magnetic �eld can
also be expressed using 2.13:

�
�

S1

~Hn � ~H �
m ds = � mn (2.14)

Finally, the orthogonality relationship including both the electric and mag-
netic �eld could be expressed as:

w
�

� 0
(� ~Hn � ~H �

m � " ~En � ~E �
m )d� = � n � mn (2.15)

where the integration extends over all space. In particular, form = n, 2.15
states that � n is 2w times the total stored magnetic energy minus the total
stored electric energy. This result assumes normalization (hJn

� ; RJn i = 1).

2.2.3 Characteristic Modes Computation

The Theory of Characteristic Modes (TCM) for conducting bodies was initially
introduced by Garbacz [64] and later re�ned by Harrington and Mautz [65].
Early computational approaches, such as Turpin's method [73], were limited
to wire objects or bodies with simple symmetries, producing only a few modes
due to computational constraints. Later, Harrington pioneered the use of a
numerical method called Method of Moments (MoM) to address these di�cul-
ties [66], allowing the calculation of characteristic modes for arbitrarily shaped
conductors.

For the calculation of Characteristic Modes, the generalized impedance ma-
trix is obtained using the Method of Moments (MoM) with Rao-Wilton-Glisson
(RWG) edge elements. In practice, equation (2.8) is approximated by the
Galerkin formulation, resulting in a matrix eigenvalue equation:

[X ] ~Jn = � n [R] ~Jn (2.16)

where [R] and [X ] are, respectively, the real and imaginary components of
the generalized impedance matrix de�ned as [Z ] = [ R + jX ].

The Maxwell equations with the boundary conditions are combined to com-
pute the generalized impedance matrix to derive the Electric Field Integral
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Equation (EFIE). This later provides the surface currents induced by an inci-
dent electric �eld on a conducting body surfaceS. An alternative formulation
frequently employed in computational electromagnetics is the Mixed Potential
Integral Equation (MPIE), which represents a specialized form of the EFIE.
The EFIE establishes a relationship between surface currents, the vector po-
tential, and the gradient of the scalar potential. To e�ciently model unknown
currents on planar structures, Rao-Wilton-Glisson (RWG) edge elements are
commonly used as basis functions, o�ering a convenient approach that aligns
with EFIE formulations and facilitates the discretization of triangular patch
structures.

Figure 2.2: RWG basis function description and its divergence for a given
common edge (red) of two triangular elements.

The surfaceS of a conducting object can be e�ectively approximated using
an appropriate triangular patch mesh. Each pair of triangles sharing a common
edge de�nes an RWG edge element with a lengthln , illustrated by the red edge
in Fig. 2.2. The basis function is associated with an edge and two adjacent
triangular elements, denoted asT+

n and T �
n with corresponding areasA+

n and
A �

n . As illustrated in Fig. 2.2, the plus or minus sign designation of the
triangles follows the reference current direction along thenth edge, which is
assumed to 
ow from T+

n to T �
n . Therefore, a position vector ~� n

+ is de�ned
to represent the points within T+

n , originating from the free (non-contiguous)
corner of the edge. Similarly, the vector ~� n

� is also de�ned for T �
n , but it is

oriented towards its respective free corner. The RWG vector basis function
associated with thenth edge is de�ned as:
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f n (~r) =

8
><

>:

l n

2A +
n

~� n
+ , ~r in T+

n
l n

2A �
n

~� n
� , ~r in T �

n

0 , outside

Therefore, the total current on the surface S can be approximated by the
superposition of contributions from all interior edge elements:

~Jn =
NX

n =1

I n
~f n (2.17)

where N is the number of total interior edges andI n is the unknown coef-
�cient, calculated with the classical moment equations.

2.2.4 Modal Solutions

The orthogonal properties of characteristic modes on the body's surface enables
the decomposition of the total current J as a superposition of independent
currents, each corresponding to a distinct characteristic mode. Characteristic
modes thus serve as a basis for expanding the unknown total currentJ on a
conducting body. The contribution of each modeJn to the total current J is
governed by the coe�cient � n and their computation is given by:

J =
X

n

� n Jn (2.18)

The expression of the total current can formulated into various forms by
substituting 2.19 into 2.1, by using the modes orthogonality properties:

J =
X

n

hJn ; E i i
1 + j� n

Jn =
X

n

V i
n

1 + j� n
Jn (2.19)

where V i
n is the modal excitation coe�cient, which indicates the excitation

of a speci�c mode based on the feeding con�guration.
The equation 2.19 illustrates the dependence of the total currentJ and each

eigenvalue� n of the nth mode. Eigenvalues analysis is pivotal in the Theory
of Characteristic Modes, as it o�ers insights into the resonance frequency and
the radiation behavior and performance of the associated modes.

To provide a clear physical interpretation of characteristic modes in the con-
text of this Ph.D. research, which focuses on the analysis of wireless biomedical
systems, a metallic circular wire (see Fig.2.3) with a diameter (D ) of 23.18 cm
(' 0.3� ) using a metal wire with a thickness (w) of 0.14 cm has been analyzed
by computing the �rst nine characteristic modes. A loop with a single term
is considered because, from an electromagnetic perspective, as the number of
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turns in a coil increases, the interaction between each turn and its neighboring
turns creates a multifaceted coupling phenomenon that results in an increased
count of higher order modes. This modal behavior encompasses intricate res-
onant frequencies and �eld distributions. Consequently, the analysis of these
coupling modes becomes increasingly complex and involved.

Figure 2.3: Analyzed loop antenna with a diameter (D ) of 23.18 cm (' 0.3� )
using a metal wire with a thickness (w) of 0.14 cm.

The following section reviews the parameters derived from the eigenvalues,
o�ering physical insight into the radiation performance of the analyzed modes.

2.3 Physical Interpretation of Modal Analysis

The corresponding modesJn of the proposed loop are depicted in Fig.2.4, and
the di�erent current distributions of the natural resonances of a single-loop an-
tenna can be observed. Accurate analysis and interpretation of these eigenval-
ues is crucial for understanding the frequency-dependent radiation performance
of the associated modes.

The relation between eigenvalues and the radiation power of modes is ex-
pressed in equation 2.12. It can be deduced that while the radiated power is
normalized to the unit, the reactive power depends on the magnitude of the
eigenvalues. Consequently, the eigenvalues convey essential information about
the resonance of each mode. The eigenvalues� n , de�ned in 2.8, span from �1
to + 1 and can be grouped into three categories of values: negative, null, or
positive. In particular, the sign of the eigenvalues de�nes whether the mode
contributes to storing magnetic energy (� n > 0 inductive behavior) or whether
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Figure 2.4: Eigen currents and their associated magnetic NF distributions in
XY-plane for the �rst nine characteristic modes of the loop with a diameter

(D ) of 23.18 cm (' 0.3� ) using a metal wire with a thickness (w) of 0.14 cm:
(a) J1; (b) J2; (c) J3; (d) J4; (e) J5; (f) J6; (g) J7; (h) J8; (i) J9.
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