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Abstract
Electromagnetics (EM) underpins a broad spectrum of scientific and engineer-
ing applications, ranging from life sciences to telecommunications. Centered
on advanced EM modeling and its practical use cases, this thesis presents a
chronological compilation of the author’s contributions across two major do-
mains: Bio-Electromagnetics (BioEM) and surface Electromagnetics (SEM).

The BioEM part focuses on radiative hyperthermia (HT) for head-and-neck
cancer treatment. It introduces a new antenna model tailored for hyperther-
mic applications, followed by the design of an annular phased-array applica-
tor. Building on this hardware foundation, a hybrid beamforming strategy
is proposed to accelerate convergence and avoid local minima, together with
a versatile thermal solver capable of handling complex anatomical scenarios.
These components are integrated into a unified HT treatment-planning work-
flow aimed at concentrating EM energy within the tumor while minimizing
unintended heating of surrounding healthy tissue.

The SEM part of the thesis shifts toward next-generation wireless com-
munications and the emerging role of engineered metasurfaces in shaping
the propagation environment. With reconfigurable intelligent surfaces (RIS)
gaining traction as a key enabler of 6G technology, there is a growing need
for EM-compliant modeling frameworks that remain accurate, efficient, and
computationally tractable. To address this, the thesis proposes a hybrid
domain decomposition method (H-DDM) for the synthesis and analysis of
open-cavity-based RIS beamforming panels. H-DDM is employed to study
over-the-air mutual coupling, compared against Macromodeling as a repre-
sentative surrogate technique from the literature, and benchmarked against
commercial full-wave solvers. The promising results highlight H-DDM’s po-
tential as a foundation for systematic modeling of emerging holographic beam-
forming panels and motivate further development of the framework.

Keywords: Electromagnetics, Surface EM, Metasurface, EM-compliant
Modeling, BioEM, UWB Antennas, Phased-array Applicator, Holographic
MIMO, Wireless Communication.
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CHAPTER 1

Introduction to EM Application Tracks

The inclusion of a short prelude here is justified by the diversity of the subject
areas covered in this thesis. The research track of the thesis targets two
application areas: while the first half of the thesis may find readership in
the therapeutic branch of biomedical engineering, the second half appeals
more to a wider research branch of antenna, propagation, and communication
societies. Although the two areas may seem separate at first glance, they
both fall under the same big umbrella of electromagnetic research, albeit for
different applications. Chronologically speaking, the author’s journey started
within the biomedical community but over time evolved and morphed more
into the Telecommunications society, while keeping electromagnetic research
in its core throughout. The order of the upcoming chapters, as well as the
included research papers, is to reflect this chronology and the developmental
stages of the author’s post-graduate journey.

1.1 Introduction
Electromagnetics (EM), which describes the temporal and spatial behaviors of
electric and magnetic fields, is a key branch of science and engineering. Char-
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Chapter 1 Introduction to EM Application Tracks

acterization and study of all macroscopic EM phenomena are performed based
on a unified and fundamental theorem, known as Maxwell’s equations [1], [2].
From the temporal viewpoint and based on the fields’ oscillation frequency,
EM phenomena can be classified into different categories such as direct current
(DC), radio frequency (RF), microwaves, terahertz (THz), optics, X-rays, and
beyond. From the spatial point of view, the physical dimensions of EM field
oscillations can be used as a measure to categorize different electromagnetic
phenomena, as depicted in Figure 1.1 [3].

When the spatial variations of an electromagnetic device or phenomenon are
much smaller than the wavelength (λ) in all three directions (Lx, Ly, Lz ≪ λ

), the behavior falls into what is commonly referred to as a zero dimensional
(0D) regime. Within this limit, circuit theory provides an accurate and com-
putationally efficient description, effectively serving as a simplified representa-
tion of Maxwell’s equations. Electronic circuits in this category are typically
modeled using lumped elements—resistors (R), inductors (L), and capacitors
(C)—together with lumped voltage and current sources [4]. As the next spa-
tial category, one notices that the transverse dimensions in microwave circuits
and optical waveguides are much smaller than the wavelength, whereas the lon-
gitudinal dimension is on the order of the wavelength (Lx, Ly ≪ λ, Lz ∼ λ).
Systems with this geometric scaling are therefore treated as one dimensional
(1D) electromagnetic phenomena. In this regime, conventional circuit theory
no longer provides an adequate description, while a full solution of Maxwell’s
equations is often unnecessarily complicated and computationally demand-
ing. This gap motivated the development of transmission line theory—now a
cornerstone of microwave engineering—which offers an efficient and accurate
framework for analyzing such structures [5]. Within this theory, the charac-
teristic impedance (Z0) and the propagation constant (β ) serve as the key
parameters governing 1D electromagnetic behavior.

Over the years, general electromagnetic theory, depicted as the fourth class
in the figure, has been developed to address 3D cases where the spatial
field variations become comparable to the wavelength in all three directions
(Lx, Ly, Lz ∼ λ). Because of their complexity, analytical solutions are avail-
able only for a limited set of canonical geometries in this category. Never-
theless, with the continual improvement of computational resources, it has
become feasible to solve Maxwell’s equations numerically [6] for complex me-
dia characterized by (ε, µ ), arbitrary geometries, and diverse boundary con-

4



1.2 Application Track I: BioEM

Figure 1.1: Spatial domain classification of EM phenomena based on their electric
sizes (taken and reprinted from [3]).

ditions. On the other hand, surface electromagnetic theory—concerned with
2D EM behavior (Lx, Ly ∼ λ, Lz ≪ λ) in Figure 1.1—is still far from fully
mature because (a) a general framework for defining the eigen-parameters of
arbitrary surfaces remains to be established and (b) simplified theorems from
Maxwell’s equations still need to be derived for this category.

Electromagnetics underpins a wide spectrum of modern engineering tech-
nologies, spanning fields from telecommunications to the life sciences. Within
this broad landscape, the main theme of this thesis revolves around two EM
application areas, namely Bio-Electromagnetics (BioEM) and surface Electro-
magnetics (SEM). Temporally speaking, both applications are examined here
within the microwave frequency range. However, spatially, they are not in the
same category, with the former belonging to a three dimensional (3D) family
of EM problems while the latter falls more into the two dimensional (2D)
spatial category. With this brief introduction in place, let us now turn to a
closer examination of these two key application areas.

1.2 Application Track I: BioEM
Cancer, the uncontrolled growth of abnormal cells in the body, is among
the leading causes of death worldwide [7]. Cancers have been classified into
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100 different types depending on the type of primary cell from which the
uncontrolled growth starts. The cancerous cells can move and form malignant
tumors which, if not diagnosed and treated timely, can further spread to other
parts of the body through a process known as metastasis. This stage of the
disease may lead to a serious and life-threatening condition [8].

Surgery, radiotherapy, and chemotherapy are the standard cancer treatment
modalities that can be used alone or in combination with adjuvant methods.
Tumor site and stage are the deciding factors in choosing the appropriate type
of therapy. Surgery is the longest-standing therapy for cancer but cannot be
performed for non-resectable tumors. Moreover, since the simple excision of
tumors in some patients is not sufficient to prevent a relapse, surgery usually
needs to be accompanied by other modalities to improve the tumor control
probability. For radiotherapy (RT), there are limitations regarding the dose
tolerance of critical organs. In many cases and particularly in recurrent tu-
mors, these limitations on the admissible level of the dose can make RT treat-
ments ineffective. RT can further lead to late complications and an increased
risk of developing secondary cancers. Utilizing one or more anti-cancer drugs,
chemotherapy (CT) may eradicate cancer, but its efficacy varies largely de-
pending on the type and stage of the cancer. CT exhibits its best performance
if administered in the early stage of the disease when the metastasis is unde-
tectable [9].

Human Head Cancers
Human head cancers, usually classified separately into Head&Neck (H&N)
and brain cancers, are one of the most common cancer categories worldwide
[10]. Global incidence of H&N cancers, occurring in regions shown in Figure
1.2, has been estimated to be between 400 000 and 600 000 new cases each
year, resulting in a mortality rate of between 223 000 and 300 000 deaths per
year [11], [12]. Unfortunately, the number of patients dying from cancers in
the regions of body reported in Table 1.1 is increasing each year. The table
shows the cancer statistics in human head both globally and in Sweden while
Figure 1.3 visualizes the percentage of each type of head cancer in 2020 [13].
The situation nationwide in Sweden is similar to the global cancer figures and
according to the Swedish Head and Neck Cancer Register (SweHNCR), H&N
cancer in Sweden constitutes 2.3% of all cancer incidences, comprising nine
different sites reported in the table.
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1.2 Application Track I: BioEM

Figure 1.2: Head and neck cancer sites.

Table 1.1: Incidence, Mortality, and Prevalence by cancer site in the head for all
ages (Extracted from Globocan 2020 [14])

Worldwide In Sweden
Cancer Sites

Number of
New Cases

Number of
Death

5-year
prevalence

Number of
New Cases

Number of
Death

5-year
prevalence

Esophagus 604 100 544 076 666 388 589 545 721

Thyroid 586 202 43 646 1 984 927 747 78 2 922

Lip, Oral Cavity 377 713 177 757 959 248 687 231 2 279

Brain, CNS 308 102 251 329 837 152 841 752 2 595

Larynx 184 615 99 840 518 380 154 64 561

Nasopharynx 133 354 80 008 382 507 31 7 113

Oropharynx 98 412 48 143 258 543 445 77 1 412

Hypopharynx 84 254 38 599 132 717 54 41 114

Salivary Glands 53 583 22 778 160 292 118 47 427

All Sites 2 430 335 1 306 176 – 3 666 1 842 –
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Figure 1.3: Incidence rate percentage of each type of cancer in human head based
on Globocan Statistics in 2020.

During the ten-year period of 2008-2017, SweHNCR reports 25% increase
in the incidence of H&N cancer in Sweden by summarizing the number of
cancer cases per diagnosis group in Figure 1.4. The relative 5-year survival
rate for all patients with H&N cancer in the SweHNCR has been reported to
be 67%, while the overall survival rate was 59% [15]. As can be seen from
Figure 1.5, there are large differences in the relative survival rates between
the different diagnosis groups, with hypopharyngeal patients having the lowest
relative survival rate of 25%. Except lip patients, all the other categories have
an average survival rate between 50 to 75%.

Despite all the advancements in the treatment of cancers in general, brain
cancer management still remains challenging with a low chance of long-term
survival. In many cases, Glioblastoma multiforme (GBM) is the most ag-
gressive malignant type in adults with the tendency of a quick relapse after
surgery. The average survival for patients with malignant gliomas is only 17
weeks which can be extended to 30 weeks after surgery and chemotherapy
[16]. In children younger than 15 years old, brain tumors are the second
most common cancer type, representing 20 − 30% of all childhood cancers.
Medulloblastoma is the most common type in children for which treatments
usually begin with surgical excision, followed by the addition of radiotherapy
or chemotherapy to increase the disease-free survival rate. For these patients,
overall survival reported in population-based studies [17] is roughly 50% to
60%. However, radiation often triggers late complications and severe side ef-
fects which is more consequential in children since even low doses of ionizing
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Figure 1.4: Number of cancer cases per diagnosis group during the years 2008-2017
in Sweden [15]

Figure 1.5: Five-year relative survival rates per diagnosis group in the SweHNCR,
2008-2017 [15]
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radiation to their brain can cause perturbed growth/ puberty [18], [19] as well
as intellectual impairment [20].

Hyperthermia
Hyperthermia (HT) is a therapeutic modality that can be part of a multimodal
oncological strategy when combined with radio- or chemotherapy. The aim of
HT is to raise tumor temperature to supraphysiological levels between 40◦C
and 44◦C. Studies show that the mild increase in temperature enhances the
concentration of oxygen in the tumor, therefore improving the effectiveness
of radiotherapy [21], [22]. It also increases the blood flow in the heated area
leading to increased perfusion which improves the drug absorption in cells for
chemotherapy [23], [24].

The biological rationale for the use of hyperthermia is not completely un-
derstood. However, the proven mechanisms, as summarized in [25], include
the inhibition of different DNA repair processes, direct/ indirect reduction
of the hypoxic tumor cell fraction, increased perfusion and oxygen levels, and
enhanced drug uptake. The clinically observed biological effects over HT tem-
perature range are the following [26]. During HT, blood flow is increased by
the tissue metabolism to counteract the temperature rise. When heated, the
blood vessels in healthy tissues can vasodilate, to facilitate an increased blood
flow. This process acts as a heat sink and reduces the temperature. In con-
trast to healthy tissues, tumorous tissues are far less capable of increasing
the blood flow due to a chaotic vasculature which gives rise to regions suf-
fering from improper perfusion and hypoxia. Therefore, the heat dissipation
is slower in tumors, and during HT heating their temperature tends to rise
higher than that of the normal tissue.

The addition of hyperthermia to the routine cancer therapies increases the
tumor response rate by typically about 20% [27]. This happens while the
radiation- or chemotherapy-related toxicity to the healthy tissue is not inten-
sified because the effect of HT will be tumor-selective when heat delivery is
confined to the tumor site [28]. Therefore, for the same therapeutic outcome
without any reduction of the effect on the tumor, HT allows for a lower radio or
cytotoxic dose which will eventually result in a lower risk of treatment-related
side effects. For primary tumors, HT can be added to the full dose radio-
therapy or chemotherapy treatment scheme to enhance tumor management.
Efficacy of the method has been demonstrated through randomized trials for
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cervical, bladder, and H&N cancers as well as for soft tissue sarcomas [29],
[30], [31]. In case of recurrence of a tumor after previous treatments where a
higher risk of side effects is associated with re-treatments, the addition of HT
can result in a good tumor control allowing for a lower level of dose with a
minimal risk of side effects. Low dose re-irradiation combined with HT is a
proven treatment method for recurrent breast cancer and recurrent malignant
melanoma [32], [33].

Electromagnetic (EM) radiation at either radiofrequency (RF) or microwave
frequencies (MW) [34], [35] and the mechanical energy in form of ultrasound
(US) [36], [37] are widely used in deep HT systems. Chapter 2 of this thesis
focuses on microwave hyperthermia, while the readers interested in US-based
systems may consult the relevant literature [38].

1.3 Application Track II: SEM
The second application area of the thesis revolves around surface Electromag-
netics (SEM) which is an EM sub-discipline with plenty of specialized and
exciting research initiatives yet to be explored. Leaky wave antennas [39],
transmitarrays [40], orbital angular momentum (OAM) beam generation [41],
and mantel cloaking [42] are but a handful of examples of a plethora of SEM
applications, spanning widely from microwave to terahertz to optical spectra.

Historically speaking, though, SEM is not a brand new topic. Instead, it
has a rich history of fascinating discoveries dating back to as early as the
sixteenth century as portrayed in Figure 1.6. Explaining the bend of light
at the interface between air and water, SEM starts with uniform surfaces,
and a milestone here is Snell’s law, whose simple yet elegant mathematical
formula has provided a sound and pragmatic foundation for many subsequent
discoveries such as the critical angle for total reflection as well as Brewster’s
angle for total transmission. For instance, optical fibers, a key component
of today’s telecommunication infrastructure, are built based on the concept
of total reflection. On the other hand, recent discoveries such as anomalous
reflection and refraction [43] attest to the fact that SEM is far from being
mature and is still an exciting frontier full of new breakthroughs and directions
to be explored.

The demand for periodic surfaces originated in the 1950’s when the inven-
tion of frequency selective surfaces (FSS) [44], also known as optical grating
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Figure 1.6: Chronological evolution of surface electromagnetics: from uniform sur-
faces to periodic and then quasi-periodic surfaces (taken and reprinted
from [3]).

in the optics community, brought about a giant leap in SEM research. Known
as spatial filters, FSSs are analogous to an LC filter from the circuit point
of view, but with the distinction that instead of dealing with voltages and
currents, FSSs essentially deal with plane waves where the field viewpoints
also start to become important in analyzing such design parameters as angu-
lar stability and co-polarization purity. Intensive research on FSSs, especially
their utilization in stealth technology and radar-centric equipment, eventually
paved the way for the introduction of various periodic surfaces with exciting
features such as soft/hard surfaces [45], artificial magnetic conductors (AMC),
and electromagnetic band gap (EBG) structures [46]. Focusing mainly on the
resonant curve of the transmission or reflection magnitude, early studies on
FSSs motivated the research community to look not only at the amplitude but
also to consider the phase response of a surface where the notion of having
an artificial surface engineered with a reflection coefficient response opposite
to that of PEC (i.e. Γ = +1) eventually led to the introduction of AMC.
Through lifting the limit of plane wave illumination as had been the primary
source of excitation in early FSS studies, further investigations later on uti-
lized surface wave propagation to study the dispersion diagrams of soft/hard
surfaces, as well as high impedance surfaces. Along this long continuum of
SEM research on periodic structures stands the notion of EBG, which resem-
bles the concept and terminology of energy band gap in semiconductors, and
has been indeed another important breakthrough that enables one to engineer
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the dispersion diagram of a surface so that no surface wave regardless of its
direction can propagate along the surface thereby exhibiting a distinct band
gap for all propagation modes in all directions.

As shown in Figure 1.6, it was not, however, until the change of the millen-
nium at around 2000 that a new tide for quasi-periodic surfaces arrived and
pushed the SEM research into a new era full of great challenges and novel
opportunities. In fact, what turns a collection of elements arranged in a peri-
odic lattice into a quasi-periodic structure is but small geometrical variations
in, for instance, scatterers’ size or orientation angle. Although these slight
spatial modulations in quasi-periodic arrangements might have seemed incon-
sequential at first, they proved to have far-reaching impacts on the response
of this family by allowing for anomalous EM wave reflection or refraction to
arbitrary angles which in the end took the Snell’s law to a whole lot new level
coined as generalized law of reflection and refraction as will be the subject of
further discussion in Section 3.5. Reflectarray (RA) [47] and transmitarray
(TA) [40] antennas are the most prominent examples of early developments
of quasi-periodic structures in this family.

Over the past couple of decades, parallel developments on chiral and bi-
media, as well as the surge of interest in composite materials with exotic EM
properties not typically found in nature, have given birth to an active field of
research widely known as metamaterials (MTM) [48]. Metasurfaces (MTS),
which are the 2D counterparts of MTMs, are at the heart of modern SEM
research. While the focus of the metamaterial community is mostly drawn
towards the constitutive relations, namely the macroscopic tensorial form of
permittivity and permeability of bulk 3D composite materials, the metasurface
community of SEM mainly focuses on the study of boundary conditions, as
will be further elaborated upon in Chapter 3 of the thesis.

In recent years, the fields of MTMs and MTSs have witnessed remarkable
growth and advancements among which reconfigurable/tunable meta-devices
stand out for their dynamic nature and their ability to revolutionize various
applications across the EM spectrum and beyond. To gain insights into how
this active area of research has evolved over time, relevant publication trends
and statistics were extracted from the Web of Science database1 and reported
in Figure 1.7. To this end, an advanced search in the database on published ar-
ticles between 2006 and 2025 was conducted to identify the number of indexed

1https://www.webofscience.com
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(a)

(b)

Figure 1.7: Publication numbers and trends in reconfigurable metamaterials
and/or reconfigurable metasurfaces over a 20-year period extracted
from Web of Science.
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publications mentioning “reconfigurable/tunable metamaterials” or “reconfig-
urable/tunable metasurfaces” in their titles, abstracts, and/or full-text. As
the two bar charts of Figure 1.7(a) reveal, both aforementioned categories
have witnessed a tangible growth over the recent years. Interestingly, re-
configurable MTSs have overtaken their bulk 3D counterparts, most likely
thanks to their low-profile structural texture and lower dissipation losses at
resonance. When it comes to application areas, Figure 1.7(b) shows the top
5 engineering and/or science disciplines benefiting most from these tunable
meta-devices. As can be seen from this Pie chart, Telecommunications, which
is also the target application area of the SEM research in this thesis, is among
the trending subject areas utilizing the concept of reconfigurable metasurfaces.

EM-compliant Communication Systems
Since the Telecom sector is the targeted application market for the SEM re-
search of this thesis, it may prove beneficial at this stage to have a preliminary
look at the role SEM plays in today’s state-of-the-art wireless communication
as follows. Three key technologies have driven 5G performance gains: mas-
sive MIMO (mMIMO), which deploys base stations with very large antenna
arrays; millimeter wave (mmWave) communications, which exploit a large
amount of unoccupied spectrum resources at mmWave frequencies; and ultra-
densification, achieved by densely deploying small cells. 5G and beyond are
built around three service pillars—enhanced mobile broadband (eMBB), ul-
tra reliable low latency communications (URLLC), and massive machine-type
communications (mMTC)—each targeting distinct requirements: eMBB for
high throughput services, URLLC for mission critical, low latency tasks, and
mMTC for massive IoT connectivity. The explosive growth in data demand
and the emergence of applications with extreme performance needs are push-
ing networks toward a new generation, 6G. Projections for the 6G era fore-
see data traffic surpassing 5000 exabytes by 2030, service coverage extending
across space, air, ground, and sea to realize an Internet of Everything, and
the rise of demanding applications such as holographic communications, tac-
tile/haptic Internet, fully autonomous driving, and precision manufacturing.
Under these expectations, 6G aims to deliver deeply immersive experiences,
full dimension coverage, ultra low latency, and ultra high reliability, while in-
tegrating communications, localization/sensing, control, and computing with
native intelligence and built-in security [49].
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Despite the clear advances of 5G and the ambitious vision for 6G, practical
deployment faces serious challenges. Supporting mMIMO requires many RF
chains, which increases power consumption, hardware cost, and integration
area—issues that become more acute at higher frequencies and threaten en-
ergy efficiency and scalability. Moreover, current mMIMO approaches largely
adapt to an uncontrolled wireless environment rather than shaping it. A shift
toward a software-programmable, intelligent 6G—where the entire end-to-end
system including the propagation environment can be reconfigured—is ex-
pected. In this context, metamaterials and metasurfaces, particularly in the
form of reconfigurable intelligent surfaces (RIS), offer a promising route to
meet 6G’s stringent demands. Metasurfaces also provide a practical path
toward electromagnetic holography and the holographic MIMO (H-MIMO)
concept, which could enable holographic radios with manageable power and
fabrication costs. Nevertheless, H-MIMO research is still nascent: its fun-
damental limits are not yet fully understood, and several critical technical
challenges remain to be solved [49].

Engineered metasurfaces in the form of RIS, as will be explained in more
details in Chapter 3, can serve as dynamic (tunable) boundary conditions to
reshape propagation environments. This evolving paradigm in wireless com-
munication motivates the move beyond Shannon’s classical view of the wire-
less mathematical channel, which treats information theory and EM theory as
largely non-overlapping domains. In other words, traditional communication
models—mathematical simplifications that ignore near-field interactions and
mutual coupling in multi-port networks—have been adequate for conventional
transmission scenarios, but they no longer produce reliable results for many
of the recently emerging use cases. As a matter of fact, the emergence of
the controlled phase-shifting techniques, e.g. RIS and holographic surfaces,
necessitates the advancement of wave interaction theories. To this end, elec-
tromagnetic signal and information theory (ESIT) has recently been proposed
[50] as a unified wave-centric framework that bridges information theory with
electromagnetic field interactions. Some critical challenges such as transla-
tion of field-based behaviors into information-theoretic metrics and effective
management of system-level and regulatory barriers are also discussed in [50].
For more information, interested readers are referred to the IEEE official web-
site of the emerging technology initiatives on ESIT2 whose opening statement

2https://esiteti.committees.comsoc.org/
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reads, “The Emerging Technology Initiative (ETI) on Electromagnetic Signal
and Information Theory (ESIT) is aimed to foster research and innovation on
theories and technologies in which electromagnetic aspects are taken into con-
sideration when designing next-generation communication systems and net-
works. The aim of ETI-ESIT is therefore to unveil the fundamental limits
of communication systems moving from first electromagnetic principles, and
to develop electromagnetically consistent communication models, signal pro-
cessing, and optimization algorithms. ETI-ESIT is inherently interdisciplinary
and is intended to glue research efforts across multiple scientific fields, commu-
nities and societies, including communication and information theory, signal
processing, antennas and propagation, electromagnetics, metamaterials, and
optics.”

1.4 Thesis Outline
This thesis consists of two main parts: BioEM and SEM. Forming the first
part of the thesis, Chapter 2 predominantly considers various aspects of Hy-
perthermia treatment planning (HTP) in the BioEM application track. After
introducing a new antenna model for both superficial and deep HT appli-
cations, the chapter investigates the process of applicator selection for the
cancers occurring in the human head and neck region. It then focuses on
near-field beam shaping and thermal analysis to assess the heating ability of
the proposed phased-array system based on HT quality metrics.

Starting with Chapter 3, the second part of the thesis re-orients the dis-
cussion towards SEM research on RIS modeling. Chapter 3 first reviews the
basics and fundamentals of metasurface modeling, followed by a thorough
discussion on RIS beamforming techniques. The chapter concludes by pre-
senting numerical and simulation results of a Varactor-based unit cell (UC)
design, supplemented by beamsteering performance predictions of a handful
of rectangular panels built upon this UC design. Deepening the SEM dis-
cussion, Chapter 4 presents a hybrid analysis technique for open-cavity-based
beamforming panels. The chapter sets the stage by reviewing the mathe-
matical framework of the domain decomposition method, introduces a novel
hybridization scheme to handle sophisticated UC models, and uses the devel-
oped computational platform to analyze over-the-air mutual coupling impacts
among the adjacent cells for this specific family of beamforming panels. Fur-
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thermore, a representative example in this chapter draws a direct comparison
between the pattern prediction capability of the proposed method and that of
some well-established methods from the literature reviewed in Chapter 3. Fi-
nally, the last two chapters are set to wrap up the thesis by providing a brief
summary of the included papers as well as by mentioning some concluding
remarks and future study directions.

1.5 Notation
The following should be the standard unified notational math nomenclature
throughout the thesis unless otherwise mentioned.

Definition 1: Regular, plain roman letters and symbols are to identify
scalar quantities and/or scalar operations such as V , T , ∇2•, · · ·

Definition 2: Double-struck font is used to identify instantaneous vector
field quantities such as E, H, · · ·

Definition 3: Boldface roman letters and symbols are used to identify
phasor vector field quantities and/or vector operations such as E, H, ∇•,
∇ × •, · · ·

Definition 4: Upright boldface letters are used to identify vector/ matrix
representation such as IN×1, YN×N , · · ·

Definition 5: Script letters are used to identify Integro-differential oper-
ators such as L, K.
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CHAPTER 2

BioEM: HT Antenna Design & Treatment Planning

This chapter begins by outlining the biological foundations of microwave HT
and reviewing the technologies used to implement various HT modalities. It
then introduces a UWB, compact, and shielded antenna design developed to
meet the practical requirements of modern HT systems. Building upon this
design, the chapter next presents a phased-array applicator developed from
the proposed antenna model. The chapter concludes with an overview of the
simulation tasks typically involved in a Hyperthermia Treatment Planning
(HTP) workflow.

2.1 Fundamentals of RF/MW HT
Time-varying electric field E (V/m) and magnetic intensity H (A/m) are re-
lated to each other and to their sources, charge ϱ (C/m3) and current density
J (A/m2), by Maxwell’s set of equations [1]. Interaction of EM waves with
lossy media such as biological tissues results in the power loss density (PLD)
deposition which eventually turns into heat. This section first presents a short
overview on EM fields, their propagation, and the power deposition in bio-
logical tissues. It then concludes the discussion by reviewing a widely used
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thermal model for the heat transfer in perfused tissues.

EM Fields & Electrical Properties
Assuming a sinusoidal time dependency in Maxwell’s equations, we can sepa-
rate the temporal and spatial dependencies to work in the phasor domain as
follows:

∇ × E = −M − jωµH (2.1)
∇ × H = J + jωεE (2.2)

∇ · D = ϱ (2.3)
∇ · B = 0 (2.4)

where

E(x, y, z; t) = Re{E ejωt}
H(x, y, z; t) = Re{H ejωt}
J(x, y, z; t) = Re{J ejωt}

D = εE , B = µH.

Since the interaction between B fields and biological materials through
magnetization is insignificant, we can consider only two mechanisms of the
interaction with E fields through which currents are produced in tissues. The
first mechanism is the drift of free conduction charges in the material in re-
sponse to the applied E field. This conduction current is σE, where σ (S/m)
is the conductivity. The second mechanism is dielectric polarization, which
may arise when the positive and negative charges of a molecule are displaced
slightly from their equilibrium positions due to the applied E field, hence the
name displacement current. This effect is taken into account in a dimension-
less quantity known as electric susceptibility, χ. Now, it is useful to define the
complex permittivity of the material as follows

ε = ε0
(
1 + χ+ σ

jωε0

)
= ε0(ε

′
− jε

′′
). (2.5)

The additional polarization charge is accounted for by ε
′ whilst the effect of

the conduction of free charges is described by ε
′′ . The parameter ε′′ deter-

mines how much power is absorbed from the electric field. A related parameter

20



2.1 Fundamentals of RF/MW HT

often used in the literature is loss tangent tanδ = ε
′′

ε′ . Notice that in biolog-
ical tissues, both ε

′ and ε
′′ vary with the frequency of the applied field and

therefore are considered as dispersive. Debye and Cole-Cole dispersion models
that represent the dielectric spectra of tissues are discussed by Gabriel et al.
[51].

Power Absorption
The following discussion aims to show how, in the HT context, we derive the
amount of power dissipated in a volume V from the amount of power entering
that volume enclosed by the surface S. According to Poynting theorem [1],
energy exchange in a source-free volume V satisfies the following equilibrium∫

V

E · J dv = − d

dt

(
WE +WH

)
−
∮

S

E × H · ds. (2.6)

In other words, the rate of energy change in volume V can be determined by
the change of electrically (WE) and magnetically (WH) stored energy in that
volume as well as the amount of energy flux passing through the enclosing
surface S of the same volume. Since there are no stored energy in the patients
body and in biological tissues in general, the first term in the right-hand side
of Equation (2.6) can be safely omitted. From a measurement point of view,
time-averaged quantities are more useful than the instantaneous quantities
in Equation (2.6), and from phasor domain relations, we know that taking
average < • >T over a time period T of the power quantities results in an
expression such as < E × H >T = 1

2 Re{E × H∗} where H∗ is the complex
conjugate of H. Thus, we get

1
2

∫
V

Re{E · J∗} dv = −1
2

∮
S

Re{E × H∗} · ds (2.7)

Since J = σE, the left-hand side of the Equation (2.7) represents heat-
producing Ohmic losses. In mathematical terms, the incremental energy (dW )
absorbed by (dissipated in) an elemental volume (dv) is P = dW

dv = 1
2σ|E|2.

Equation (2.7) shows that the time-averaged power dissipated in V is equal
to the time-averaged power passing into V through the surface S.

The specific absorption rate (SAR), i.e. mass normalized energy absorption
rate, is defined as the time derivative of the incremental energy absorbed by
an incremental mass (dm) contained in dv of a given density (ρ) as follows
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SAR = d

dt

[dW
dm

]
= d

dt

[dW
ρdv

]
= d

dt

[1
ρ
P
]

= σ

2ρ |E|2. (2.8)

The unit for SAR is W/kg.

Heat Transfer Model
The deposited EM energy, discussed in the previous section, eventually turns
into heat due to Joule heating. A simplified version of the heat equation
in homogeneous, non-perfused media is usually used to relate the SAR to
incremental change in temperature ( ∆T

∆t ) as follows

SAR = c
∆T
∆t (2.9)

where c is the heat capacity (J/◦C/kg).
Equation (2.9) gives only an estimate of how the temperature may evolve

in the tissue during the SAR deposition. Biological models, however, involve
perfused tissues due to blood circulation in body, and this fact is not ac-
counted for in this simple formula. The most established way to model this
phenomenon while taking into account the blood perfusion rate is by using
the Pennes Bioheat equation [52] as follows:

cρ
∂T

∂t
= ∇ · (κ∇T ) + PLD − cbωb(T − Tb) (2.10)

where T (◦C) is temperature; ρ (kg/m3) is mass density; κ (W/◦C/m) is
thermal conductivity; and Tb, cb, ωb (kg/m3/s) are temperature, heat capacity,
and perfusion rate of blood, respectively.

2.2 HT Treatment and Systems
Radiative applicators use EM energy mostly in the RF or microwave range to
deliver heat into the target/ body. They can be categorized into two types: in-
ternal and external. Internal heating includes interstitial heat delivery through
the insertion of tiny antennas into tumor. External heating of deep-seated tu-
mors involves use of a conformal multi-element antenna phased array used
to emit microwaves or radiowaves in order to transfer the EM energy into
the tissue. External heating techniques require a waterbolus (WB) to be
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placed between the applicator and the body. The presence of WB improves
the impedance match to the tissue, reduces the level of stray radiation com-
pared with the case of an air gap between applicator and tissue, and provides
cooling for the skin and other superficial tissues. WB also spaces the tissue
from the relatively rapidly decaying near-field, or in other words, it helps to
avoid putting the patient’s body in the reactive near-field by setting it instead
within or beyond the radiating near-field zone (Fresnel region) [53].

The general configuration of an RF/ microwave HT system is given in Fig-
ure 2.1. Four main parts to such a system can be identified from the figure
as follows: (1) an antenna applicator which also includes waterbolus and the
cooling system (2) a power amplification unit (3) the control and treatment
planning unit and (4) a thermometry feedback loop. Only parts one and three
will be discussed in the upcoming sections. For a thorough discussion about
HT amplifier systems and the hardware design of such systems, interested
readers can consult [54], [55]. Thermometry is still accomplished invasively
through the insertion of temperature sensors into body. A non-invasive al-
ternative for temperature measurement, not shown in Figure 2.1, is based on
proton resonance frequency shift (PRFS) of MRI [38], [56], [57], [58] which
can be used to monitor the heating process and to have a closed-loop feedback
control with a graphical user interface (GUI) for operator control.

Depending on the target volume, one can consider three distinct categories
of HT application [59]: superficial, deep, or whole-body hyperthermia.

Superficial Hyperthermia
Superficial HT applicators are typically used to heat a limited volume of tis-
sue close to the heating device. In general, lower frequencies heat larger and
deeper regions in the body while the higher frequencies can provide localized
heating of the skin and superficial tissues. Using the frequencies in the range
of 400–1000 MHz, superficial heating within 2–4 cm from the skin can be ob-
tained [59]. These heating devices can be based on waveguide/ horn antennas
[61], [62] as well as low-profile, printed designs [63] and can be used to heat
such superficial tumors as lymph-node metastases of H&N tumors, chest wall
recurrence, breast cancer or cutaneous metastases [64]. An example of horn-
based applicator, shown in Figure 2.2(a), is the Lucite cone applicator (LCA)
working at 433 MHz to treat breast carcinomas, melanoma, and lymph-node
metastasis of H&N squamous cell [61], [65]. The conformal microwave array
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Figure 2.1: Conceptual schema of a typical HT system (Taken and reprinted from
[60])

(CMA) [66], shown in Figure 2.2(b), is another example of the superficial ap-
plicators of this family that can be put around the torso of the patients and
thus are low-profile and wearable. Last but not least, the 434 MHz contact
flexible microstrip applicator (CFMA) and the 434 MHz ALBA ON4000 [67],
[68] and the 915 MHz BSD-500 [69], [70] are superficial systems which are clin-
ically applied and are routinely used in the treatment of local breast cancer
recurrences [71].

Deep Hyperthermia
In deep HT, multi-antenna phased array systems are typically used to treat
deep-seated tumors in large parts of the body such as the pelvic region and
the limbs. Examples of such systems can be found in [35], [72], [73], [74],
[75]. In targets located beyond 2 cm from the skin, the temperature goal is
often better achieved with these systems where an array of antennas is placed
around the patient [59]. To create a constructive wave interference for selective
heating of the target, the antennas need to be suitably fed in amplitude and
phase. These steering parameters as well as the operating frequency of the
antennas are determined and optimized during the Hyperthermia treatment
planning (HTP) stage, as reviewed in [76], [77]. In a phased array system,
the operating frequency is a critical parameter because it not only determines
the achievable penetration depth of a certain system, but it also controls
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(a) (b)

Figure 2.2: Examples of superficial applicators for local HT (a) A 2 × 3 Lucite
Cone Applicator (LCA) array, reprinted from [62] (b) A 35-element L-
shaped CMA array along with its waterbolus coupling layer, reprinted
from [66].

the size of the temperature focal spot which is, according to the diffraction
limit, roughly around half a wavelength. Having a wide operational frequency
band, ultra-wideband (UWB) HT systems offer more degrees of freedom and
flexibility.

The typical frequency for cancer treatment in pelvic region ranges from 70
to 200 MHz. Within this band, applicators from BSD 2000 family 1 have been
widely used for this purpose. BSD Sigma 60 which is the first of the two types
of BSD systems is a cylindrical applicator with a ring of 8 dipole antennas
and operates at 77 MHz. The second BSD applicator is Sigma Eye which is
an elliptical applicator with 24 dipole antennas operating at 100 MHz.

A higher frequency range, typically above 400 MHz, has been used for hy-
perthermia in H&N. The group of Erasmus MC was the first to develop a
cylindrical applicator HYPERcollar consisting of 12 patch antennas operat-
ing at 434 MHz for the treatment of H&N cancers [35], [80]. By proposing
a 20-patch-antenna configuration over three rings, the group has recently re-

1https://pyrexar.com/hyperthermia/bsd-2000
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(a) (b)

Figure 2.3: Examples of deep applicators for regional HT (a) HYPERcollar3D de-
veloped in Erasmus MC, reprinted from [78] (b) A H&N prototype
developed at Chalmers, reprinted from [79].

designed the original applicator and branded it HYPERcollar3D [75], [81]
(Figure 2.3(a)). A laboratory prototype for an ultra-wideband H&N appli-
cator has also been developed at Chalmers. The prototype consists of 10
self-grounded bowtie (SGBW) antenna [82] arranged in two interlaced rings
in a cylindrical configuration (Figure 2.3(b)).

Whole-body Hyperthermia
Whole-body HT can be used to treat carcinomas with distant metastases
where the cancer has expanded from the primary tumor to distant lymph
nodes or organs. Soft tissue sarcomas, melanomas, or leukemia are some ex-
amples of the cancer types suitable for this type of treatment. Two systems are
clinically used for this purpose by employing microwave and infrared radiation
with a heating time of 60–90 minutes [64].

2.3 Antenna Design
Antenna design for biomedical applications has been widely pursued by re-
searchers in the field and has attracted attention in the past decades. These
applications can be divided into two categories: therapy and diagnostics. In
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therapy, antennas have been used mainly for hyperthermia which has a dif-
ferent set of design criteria than those proposed for diagnostic purposes or
free-space applications.

The antenna matching impedance in HT depends on the antenna-tissue
distance determined by waterbolus dimensions, the human body region, and
the patient anatomy [83]. Hence, designing an antenna that can maintain its
impedance match over a practical range of distances between the antenna and
the human body is a critical step towards building a good clinical HT applica-
tor. Since human bodies with different tissues of variable dielectric properties
present a high permittivity complex load to an antenna, the presence of a pa-
tient located in the antenna’s radiating near-field can detune its resonance fre-
quency, thereby impairing the EM coupling process. Conventional applicators
exhibit tissue- and distant-dependent matching performance. Design strate-
gies need to be considered to increase the resilience of the antenna against the
detuning effect due to variable tissue-loading conditions. For instance, if the
applicator’s operational band can be widened, the detuning effect becomes
less critical as long as the detuned band still contains the desired resonant
frequency feature of the nominal design [83].

In HT, focused induced heating is achieved through having a constructive
interference of waves in order to make a focal point on the target. Concen-
trating the fields amounts to having narrow-beam radiation which requires an
electrically large aperture [84]. The effective size of the aperture also plays
an important role in determining the EM-field penetration profile into the
body. Reflection at the interfaces between different kinds of tissues is another
important factor in coupling EM energy into biological systems. The reflec-
tion at the interface of two tissues is not merely determined by the specific
tissue types, but also by other factors such as the frequency, the polarization,
and the angle of incident wave. When there is a large amount of reflection
from these tissue interfaces, the interference between the incident and the re-
flected waves can result in significant standing-wave patterns that may cause
excessive heating (hot spots) in certain regions of the body [84]. Ideally, it
is recommended for the E-field components to be predominantly tangential
to the border of these discontinuities since this will prevent overheating of
superficial and interfacing tissues [83].

Aiming to contribute to the ongoing work in this active field of research, this
section proposes a UWB, compact, shielded design that is specifically tailored
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to meet the requirements of modern HT devices. Furthermore, a phased
array applicator based on the proposed antenna model will be presented in
the subsequent section.

Design Criteria for HT Antennas
The following criteria need to be satisfied in order to have an efficient antenna
design for HT applications.

• Choice of an appropriate frequency band: Biological tissues are a lossy
propagation medium for EM waves, and the amount of the loss increases
with frequency. On the other hand, higher frequencies give better spatial
resolution and thus a smaller focal point. Therefore, when selecting
the operation band of HT antennas, a compromise between these two
opposing factors is needed. This has led to the selection of the lower
part of the UHF band ([300–900] MHz) for hyperthermic purposes.

• An ultra-wideband characteristic: UWB antennas are highly desirable
for HT applications. This allows for frequency hopping to control the
size of the focal point and hence to adjust it to the size of the tumors
under treatment.

• A directional radiation pattern with low side-lobe levels: This provides
more efficient power deposition in the patient body and also a lower
level of mutual coupling and cross-talk between adjacent elements of
the array.

• Size and isolation: The design should be compact and shielded from the
EMC point of view.

In the literature, a variety of antenna types for high power applications of
deep hyperthermia have been proposed so far [82], [85], [86], [87]. Applica-
tors based on dipole [88], [89], waveguide [72], [90], and microstrip patch [35]
antennas, for instance, have been in clinical use in the treatment of cervical
and H&N cancer patients. While efficient, these designs are inherently nar-
rowband, with a fractional bandwidth no more than 5–10%. In an attempt
to overcome the bandwidth limitation of the previous designs and to achieve
a UWB design for H&N region, Takook et al. [82] tailored the self-grounded
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bow-tie (SGBW) design of [91] to suit the hyperthermic condition. How-
ever, to obtain a symmetric radiation field and stable electrical performance,
bow-tie designs require a balun [92] which will also act as an RF-matching
network. This matching network absorbs a substantial amount of power and
thus decreases the efficiency of these designs [85]. Therefore, in terms of re-
liability and reproducibility, antennas in which an RF matching network can
be avoided have a clear advantage in clinical settings [85].

The type of antenna used in an HT applicator also determines how the
energy is distributed in the treated area. Many applicators are based on
waveguides (WG) [72], [90] which have one of their sides closed and oper-
ate in a TE mode on the other side with an open rectangular cross-section.
These hollow WGs are usually filled with distilled water and are excited by
means of a short extension of loop antennas or coaxial probes [93]. The radi-
ation resistance of the probe or loop can be made equal to the characteristic
impedance of the coaxial feedline by choosing the dimensions of the coupling
antenna and its position with respect to the closed end of the applicator.
Compared to rectangular WGs of the same dimensions, ridged waveguides
(i.e. waveguides with a ridged cross-section) have a lower cut-off frequency, a
lower characteristic impedance, and a wider frequency band free from higher-
order-mode interference [94], [95], [96]. On the other hand, the horn-based
applicators [61], which can also be considered as a variant of WG applicators
by utilizing a flared opening, produce more uniform temperature fields than
classical waveguides [60]. To take advantage of the positive features of both
ridged waveguides and horn antennas, this study proposes a new design by
combining the two approaches and calls it open ridged-waveguide (ORWG) as
follows.

The ORWG Model
Aiming for a UWB antenna suitable for both deep and superficial HT, Paper
A proposes the design of an ORWG antenna for HT applicators. ORWG
takes advantage of positive features of double-ridged horn (DRH) antennas
thus offering a wide band of operation. By avoiding use of a balun or RF-
matching network, it avoids the problem associated with the SGBW antenna.
Moreover, it is less susceptible to the cross-talks among adjacent elements as
well as environmental noise and interference in general because it is inherently
shielded by its metallic housing. This makes the design also appealing for
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Figure 2.4: Summary of the design and optimization process of the ORWG antenna
(∗ Original DRH from the design proposed by Mallahzadeh et al. [98])

diagnostic purposes like microwave imaging [97].
All the details and steps taken in the design procedure of ORWG are given in

Paper A and therefore are not repeated here. In summary, a well-established
DRH design for radar and EMC applications in the X and Ku bands [98]
was scaled, filled with water, and loaded with a flat WB and muscle phantom
according to the hyperthermic assurance guidelines [99], [100]. To avoid power
losses in the water inside the structure and to help make the design more
compact, the flaring parts were scrapped and the built-in PSO optimizer of
CST2 was used to fine-tune the parameters of the model. The PSO algorithm
was set for a multi-objective optimization to yield a return loss better than
−10 dB in the range of [400–800] MHz as well as to maximize PLD in the
target tissue, i.e. muscle in this case. Figure 2.4 gives a concise summary of
the design optimization workflow and the final result.

CST MW Studio 2019 provides power budget analysis whose calculation
is depicted in Figure 2.5. Analysis of different power components, labeled in
Figure 2.5, reveals interesting features of the optimized antenna in front of a

2www.cst.com
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Figure 2.5: The power that is stimulated at one or more ports will be di-
vided into the power which is accepted by the structure and the
power which is again leaving the structure via the ports (outgoing
power).Furthermore, the accepted power is converted either into losses
(losses in dielectrics or metals) and/or is radiated.

flat WB and muscle phantom. It shows how much power is deposited in the
phantom and where undesirable power losses occur. Figure 2.6(a) shows that
when excited with a normalized power of 0.5 W within the desired frequency
band, the antenna accepts almost all the incoming power (the blue curve)
and there is a small portion of the power outgoing as the return loss (the
orange curve). It is also shown that almost all the accepted power has been
deposited in the dielectric materials (the red curve) with a very small amount
of stray radiation outside the region of interest (the magenta curve). In this
scenario, we have two dielectric materials, i.e. water and muscle. To get a
better picture of how much power was successfully delivered to the target
volume (muscle in this case), one can separate the volume losses in these two
materials as reported in Figure 2.6(b). As can be seen, the power dissipation
in water becomes larger at higher frequencies. This was expectable from the
Debye model used for water in the CST simulation.

Hydrogel Bolus and Phantom Preparation
As discussed in Section 2.2, waterbolus is an inseparable part of today’s HT
systems and plays an important role in the heating pattern of the antennas.
A good WB design allows for easy positioning of the applicator around the
patient, has a high level of shape predictability which is a crucial factor affect-
ing the treatment planning performance, and is elastic enough to conform to
skin contours. To form a WB, the water is typically circulated within plastic
bags. Hydrogel bolus [101] has similar dielectric properties to water and is a
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(a)

(b)

Figure 2.6: Power balance for the ORWG simulation in CST (a) All the incoming
and outgoing powers along with the volume losses (b) Volume losses
in each dielectric material separately.

very convenient replacement for a water-filled, plastic bag bolus. It has also
been shown to provide a better enclosure between the antenna and the body
[101].

The hydrogel is made of 99% deionized water and 1% polymer of which 35%
is LBG, another 35% is Xanthan, and the remainder 30% is Agar. The recipe

32



2.3 Antenna Design

Table 2.1: List of the ingredients used to make 3 liters of hydrogel and muscle
phantom in the lab.

Ingredients Mili-Q
water (ml)

LBG
(g)

Xanthan
(g)

Sugar
(g)

Salt
(g)

Agar
(g)

Hydrogel 2970 10.5 10.5 – – 9
Muscle Phantom 2100 – – 1665 42 66

and the list of ingredients for approximately 3 liters of hydrogel and muscle
phantom are reported in Table 2.1. Dielectric properties of the hydrogel and
phantom were measured with an open-ended coaxial dielectric probe (85070E,
dielectric probe kit with performance probe, Agilent Technologies, USA) con-
nected to a vector network analyzer (VNA) (E8362B, Agilent Technologies,
USA). Their relative permittivities are quite constant throughout the band
and they read as 78 and 60 for hydrogel and muscle phantom, respectively.
Their conductivities, however, slightly change within the band and they were
recorded in the range of [0.3–0.6] and [0.4–1.1], respectively.

Measurement & Verification
Far-field radiation pattern, gain, and efficiency are the design characteristics
and conventional verification procedures widely used in the antenna and prop-
agation society. Unfortunately, these metrics are not directly applicable to HT
scenarios due to the propagation in lossy media [102], [103]. However, other
criteria defined by the HT guidelines have been proposed as viable measures
for antennas’ efficacy for this specific application. Since the final goal in HT
is to produce a temperature gradient between the tumor and the rest of the
body by raising tumor’s temperature, it seems quite natural and intuitive to
have a criterion to assess the capability of different antenna designs in terms
of temperature rise. To this end, Equation (2.9) is usually used to relate the
specific absorption rate to incremental change in temperature. According to
[104], an efficient heating device for superficial HT should be able to increase
the tumor temperature at a rate of 1◦C per minute. Considering a typical
heat capacity of muscle tissues to be around 3600, this criterion corresponds
to the SAR deposition of at least 60 (W/kg). To assess if this condition was
met by the ORWG design, the setup shown in Figures 2.7(a) and 2.7(b) was
used in the lab. For the input power of 25 W fed to the antenna for 6 minutes,
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the temperature was monitored at different locations by fibre optic probes3

located in the phantom according to Figure 2.7(a). Figure 2.7(c) shows the
recorded temperature by the probes during the exposure and indicates that
the design certainly meets this criterion.

Another criterion to appraise the efficacy of the antennas designed for HT
applicators is the effective field size (EFS). The EFS is defined by the area
within the 50% of maximum SAR contour in the 1 cm deep plane under the
aperture. According to the guidelines, a good radiator for superficial HT
needs to have an EFS greater or at least equal to its physical aperture size
so that side-by-side elements in an array configuration leave no area of tissue
surface uncovered. To assess the EFS experimentally, the muscle phantom
was pre-cut 1 cm below its surface, and after exposure, temperature profiles
were captured by an infrared camera4 at two different frequencies as reported
in Figures 2.7(d) and 2.7(e). As can be seen, the performance of the antenna
at 800 MHz is not as good as at 600 MHz and this was expected because
800 MHz is at the far end of the design’s operational bandwidth where the
penetration depth also starts to decline. All in all, this criterion has also been
successfully met by the design (see Paper A for more details).

2.4 Phased Array Applicator

Annular phased arrays (APA) are the most common type of applicators used
for treating deep-seated tumors in regional hyperthermia. They typically have
their elements arranged in a circular or elliptical configuration around the
patient’s body. When it comes to selection of the right antenna design for an
APA system, the impedance bandwidth is not the only deciding factor; certain
minimum requirements regarding energy distribution need to be met for an
applicator to be suitable for deep HT trials. The average power absorption
(aPA) ratio has therefore been defined to quantify the relative amount of
energy deposited in the tumor. If NT and NH are the total number of voxels
in the tumorous volume (VT ) and healthy volume (VH), respectively, then
aPA is defined as

3FISO Technologies, Quebec, Canada
4B355, FLIR Systems, USA
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(a) (b)

(c)

(d) (e)

Figure 2.7: The setup used in the verification procedures (a) Schematic illustration
(b) Its photograph (c) Rate of temperature change recorded by the
fiber optic probes within 6 minutes of exposure at 600 MH. (d) and (e)
IR-camera temperature profiles 1 cm below the surface of the muscle
phantom at 600 and 800 MHz, respectively. 35
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(a) (b) (c)

(d) (e) (f)

Figure 2.8: Simulation setups (1st row) and PLD distributions (2nd row) for the
head phantom model. (a), (b), and (c) are top views of 16-element
elliptical, 11-element helmet-based, and 19-element helmet-based ar-
rangements for the antennas, respectively. (d), (e), and (f) are the
corresponding PLD distributions at 450 MHz in the sagittal plane.

aPA =
1

NT
× Total power absorbed in the tumor

1
NH

× Total power absorbed in the healthy tissue

= NH

∑VT PLD

NT

∑VH PLD
. (2.11)

For an applicator to be deemed capable of deep heating, aPA must be greater
than 1.5 [53].

Since the aim was to come up with an applicator design that would suit as
many cancer cases in the human head as possible, an investigation on the op-
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timal design for such a one-size-fits-all applicator had been performed. To this
end, an anthropomorphic head phantom consisting of two regions of tumor-
ous and average healthy brain tissues was used to evaluate the performance
of three different applicators as depicted in Figure 2.8. Their performances
in terms of aPA are compared in Table 2.2 which also reports the amount of
the power deposited in the target and healthy tissues.

The first configuration was an elliptical annular applicator of 16 elements
arranged in two rings. Some parametric studies on array parameters, similar
to [105], were conducted on the dimension of the waterbolus and the distance
between the two rings. The optimized design had two rings with an inter-
ring distance of 5 cm and a waterbolus with the major axis, minor axis, and
height of 14, 11, and 14 cm, respectively. The second and third configurations
had a helmet-like shape with 11 and 19 elements. It should be mentioned
that the old antenna model (SGBW) had been used in these simulations.
However, given the comparative nature of the investigation, one should be
able to generalize the result. Another subtle distinction is that the complete
SGBW antenna model including its balun was used in the ring configuration
whereas the simulation of helmets did not include the balun and used discrete
lumped ports right at the location of the antenna pins.

As can be seen from Figure 2.8(e), the configuration with 11 elements for the
helmet design does not guarantee deep enough penetration to reach the target.
The configuration with 19 elements, on the other hand, is rather effective but
at the expense of more stray losses deposited in the healthy tissue. It is also
more complex hardware-wise and requires more input power due to the higher
number of antennas. Performance of the ring configuration is somewhere in
the middle, showing results between those two bounds achieved by the helmet
designs. It provides good coverage of the tumor with the lowest level of stray
losses deposited outside the target. For the same default input power of 0.5
W per channel, a bit fainter color for the focal spot of this design compared
to those of the helmet designs can be partly linked to the losses associated
with the balun in this simulation.

Based on the aPA metrics, level of the undesired power deposition in
healthy tissue, and the number of antennas, the elliptical ring configuration
was selected as the optimal design for Paper B. This selection is in line with
the conclusion made by other groups active in the field. Oberacker et al. [56],
for instance, showed that the best results in a power optimization sweep are
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Table 2.2: Summary and comparison in terms of aPA among the three different
array configurations used in the head phantom simulation.

Array
Configurations

Annular
Elliptical

Helmet

Number of Antennas 16 11 19∑VT ≈13(ml)
PLD (W) 0.0318 0.0315 0.0445∑VH ≈3600(ml)
PLD (W) 2.81 2.94 3.8

aPA 3.13 2.96 3.24

Table 2.3: Dielectric properties of the tissues and the power deposited in them in
the simulation of the child model at 400 MHz (σ: electric conductivity,
εr: relative permittivity, ρ: density).

Tissue
Type

Index σ

[S/m]
εr ρ

[kg/m3]
Volume

(ml)

∑V
PLD

(W)

Skin 1 0.73 44.9 1109 496 0.76
Muscle 2 0.82 56.4 1090 1633 0.51
Bone 3 0.1 12.9 1908 438 0.18
CSF 5 2.28 70.1 1007 341 0.32

Gray matter 6 0.78 55.8 1045 1007 0.68
White matter 7 0.47 41 1041 124 0.04
Tumor + Cyst 8 0.85 56.6 1056 126 0.35

Eye 9 1.54 68.9 1005 18 0.02
Cartilage 10 0.62 44.6 1099 6 0.014

obtained for a 16-element interleaved RF applicator using an elliptical antenna
arrangement with waterbolus.

To test the power deposition capability of the ring configuration with ORWG
antennas, two realistic and very challenging cancer cases of the pediatric
medulloblastoma and adulthood central nervous system (CNS), shown in Fig-
ures 2.9(a) and 2.9(b), were further considered at the frequency of 400 MHz.
Dielectric properties reported in Table 2.3 were used for the child model and
those related to the CNS-Duke model were taken from the IT’IS database
[106]. The built-in PSO optimizer of CST was used to maximize their aPA
ratios. The optimum values of 4.5 and 4.8 were obtained for the medulloblas-
toma and CNS scenarios, respectively.

Compared to the Duke model where there are more than 45 tissue types, the
child model has only 10 tissue types which makes it very convenient to tabulate
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(a) (b)

(c) (d)

Figure 2.9: Sagittal cross-sections of the realistic models for (a) a child with a big
medulloblastoma tumor and (b) an adult with a tumor in CNS. (c) and
(d) are their corresponding PLD distributions (solid black lines show
the border of the tumors).

the amount of power absorbed by each tissue type as in the last column of
Table 2.3. Out of 3.95 W of the stimulated power, 3.72 W has been absorbed
by the dielectrics of which 0.85 W is the share of water. The normalized
absorbed power per volume of each tissue type is reported in Figure 2.10.

2.5 Hyperthermia Treatment Planning
Hyperthermia treatment planning (HTP) is a process in which a set of treat-
ment parameters are established by EM and thermal modellings to maximize
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Figure 2.10: Separate representation of the normalized power dissipated per occu-
pied volume of each tissue type for the child model.

the treatment quality [76]. HTP simulation tools can be used to develop en-
hanced treatment approaches or, retrospectively, to analyze treatment quality.
In recent years with the introduction of more powerful EM simulation tools
and software packages capable of handling thermal simulations, HTP has be-
gun to appear in the clinical HT routines because of its ability to predict
clinical outcomes [28]. It helps evaluate the effectiveness of different scenarios
before HT sessions to aid in the selection of applicator or treatment approach
and specific power excitation planning. In addition, simulations are helpful
for assessing treatment risks to the patient or operator.

As depicted in Figure 2.11, simulations for HTP can be divided into three
distinct tasks summarized below and further elaborated upon each separately
in the subsequent sections.

1. Generation of the patient model for Computational Electro-
magnetics (CEM): Starting with patient data acquisition, the geom-
etry and tissue properties of the involved body region must be carefully
determined. Using computed tomography (CT) or magnetic resonance
images (MRI) of the actual subject, manual or semi-automatic segmen-
tation needs to be performed to obtain the patient-specific model.

2. Calculation of the PLD/ SAR distributions in the tissue: Pa-
tient’s model and a model of the applicator with the required degree of
complexity are combined and used to compute the PLD/ SAR distribu-
tion.
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Figure 2.11: Schematic workflow for EM-HTP (Reprinted fron [76] and [28]).

3. Calculation of the resultant temperature distribution and post-
processing analysis in case of a combined treatment modality:
Once the PLD pattern is established, the temperature (T ) distribution
can be predicted considering the impact of physiological aspects such
as perfusion and core temperature. In synergistic treatment modalities
like thermoradiotherapy, a further step can be also taken to quantify the
radio-sensitizing effect of hyperthermia.

Step I. Human Models for CEM Research
Realistic computational human models or ‘virtual humans’ are becoming a
significant component of modern biomedical research. The Virtual Population
from IT’IS Foundation Switzerland [107], [108] is certainly one of the most
comprehensive model families for CEM and radiological simulations. Major
members of the virtual population are shown in Figure 2.12 and tabulated in
Figure 2.13.

A vast majority of the virtual-human models available are voxel models
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Figure 2.12: Member of IT’IS Virtual Population – Voxel models.

and not CAD models. The difference between CAD and voxel models is quite
significant and influences both the type of the CEM problems to be solved
(resonant or not) and the EM solver type [109]. Voxel-based models naturally
represent highly-inhomogeneous inter-tissue regions and can replicate these
tissues exactly as they appear in the source images. This is not the case
with 3D CAD models of a multi-tissue body as they are much more difficult
to construct. Furthermore, detailed triangulated human models with a very
large number of triangles can be very computationally expensive, both in
terms of FEM meshing times to create a volumetric tetrahedral mesh and in
terms of FEM simulation times. This can make their use prohibitive for a
number of optimization tasks.

On the other hand, triangular- or quadrilateral-based CAD models have
a clear mathematical advantage which is a linear surface approximation in
contrast to the staircase approximation of the voxel grid. In fact, the segmen-
tation accuracy which is the deviation from the true surface along the normal
direction is equal to the size of the unit cell for voxel models. Moreover, voxel
models are inflexible to deformations while the CAD models are inherently
deformable including both free-form deformations and affine transformations
[109]. Last but not least, CAD models are fully compatible with the standard
FEM analysis on unstructured grids and 3D printing while the voxel models
are not.

The two realistic models used in this chapter are shown in Figure 2.14. The
first model, henceforth called case-study 1 in this section, is the head of the
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Figure 2.13: G/A/H/W—Gender/Age/Height/Weight; Da—Original image dataset
made available for independent evaluation (Y/N); TYPE (V—voxel;
S—surface-based model, but without proven FEM meshability); RES-
Lowest image resolution (before or after post-processing) of the model de-
clared by the provider (h = head, b = body); FV—Free version availability
(Y/N); D—Deformable/posable (Y/N). Rerinted from [109].

Duke model from IT’IS which was down-sampled to the resolution of 2 mm for
the sake of faster simulations and a tumor was inserted in the tongue region
as shown in red in Figure 2.14(a). The second model, henceforth called case-
study 2, is the same as the one presented in Section 2.3. The only distinction is
that the original tumor was too large for radiosurgery with γ−knife and was
thus reduced to 34 mL by means of morphological operations. This model
was manually segmented from an MRI scan with a 1 × 1 × 1 mm resolution
of a 13-year old boy with medulloblastoma treated at Sahlgrenska University
Hospital. Note that only a part of the head was segmented, and the section
outside the treatment volume was modelled as muscle.
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(a) case-study 1 (b) case-study 2

Figure 2.14: Sagittal cross-sections of (a) The Duke model with a tumor shown in
red in the tongue region – L1 and L2 are 2D cut-lines for thermal val-
idation and C is the center of the tumor where the two lines intersect
(b) The child model with shrunken medulloblastoma.

Step II. EM Simulation & Optimization
EM Field Simulation

The type of EM technique used depends on the human model availability,
e.g. voxel or CAD. Voxel-based models on uniform rectangular grids lend
themselves primarily to finite-difference (FD) methods [110] at low frequencies
and to the FD time-domain (FDTD) methods at high frequencies [6], [110],
[111]. For high frequency EM simulations which involve computational human
models, FDTD is currently the major tool. The time domain EM solver of
CST uses a variant of this method called finite integration technique (FIT)
[112], [113] which is reduced to the standard FDTD on a uniform rectangular
grid as shown in Figure 2.15(a) and can simultaneously expand the FDTD
method to tetrahedral grids as shown in Figure 2.15(b).

A CAD-based human model is suitable for the finite element method (FEM).
Both commercial software packages of ANSYS HFSS5 and COMSOL6 use
FEM as their computational engine for EM simulations. For radio wave prop-

5www.ansys.com/ansys-hfss
6www.comsol.com/comsol-multiphysics
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(a) (b)

Figure 2.15: Using FIT to discretize Faraday’s equation for (a) a cube – similar to
the FDTD Yee cell (b) a tetrahedral mesh.

agation, the FEM method has been primarily implemented in the frequency
domain which can better resolve resonances. For MRI-related studies, for
example, frequency-domain FEM can substantially outperform FDTD sim-
ulations [114]. This advantage arises in part from FEM’s robust adaptive
mesh-refinement capabilities, which optimize the tetrahedral mesh to reduce
computational time while still maintaining high simulation accuracy. For com-
plicated geometries, the use of unstructured meshes combined with automatic
mesh adaptation in the frequency domain is instrumental in delivering ac-
curate results [109]. On the other hand, it has been traditionally difficult
to implement FEM methods in the time domain for a broadband system
response. To tackle this issue, discontinuous Galerkin schemes have been de-
veloped [115].

SAR-based Optimization

For HTP routines, a focusing technique that guarantees the formation of a
focal point at the tumor’s location is of paramount importance. In other
words, a good power deposition scheme avoids creating hot spots which are
excessive focal points formed outside the targeted region. Associated with
all the focusing techniques proposed in this context are such heated topics as
hot spot suppression and multi-target beamforming based on either specific
absorption rate (SAR) or temperature. In fact, whether SAR, as is the case
in this thesis, or temperature should be optimized is still a matter of debate
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[116]. Although the final goal of the treatment is to generate a temperature
gradient between tumor and healthy tissue, all the potential benefits of direct
temperature optimization may be lost under the heavy computational burden
due to large uncertainties in thermal modeling [117]. Moreover, Lee et al.
[118] demonstrated a good correlation between SAR coverage indicators and
clinical outcomes of HT.

Because the problem of finding appropriate excitations for each individ-
ual channel in an RF/MW applicator is non-convex, finding the global opti-
mum has proven to be challenging and computationally expensive. To tackle
the issue, several beamforming methods have been proposed in the literature
among which we count the generalized eigenvalue problem (EGV) [119], time
reversal (TR) [120], particle swarm optimization (PSO) [121], focusing via
constrained optimization (FOCO) [122], [123], and multiplexed vector field
shaping (MVFS) [124].

While fast and efficient, the EGV is highly dependent on its functional def-
inition. For instance, other indicators like hotspot-tumor quotient (HTQ),
which has so far shown the most successful correlation with clinical results
[125], cannot be used as the functional for this method. Moreover, the method
does not allow for simultaneous optimization of multiple frequencies. TR is
a fast and popular method widely used in the literature, albeit with sev-
eral limitations: (a) due to the emergence of ghost focal points, TR’s focusing
capability decreases for the large target areas (b) the performance is highly de-
pendent on the selection of ‘virtual source position’. PSO and FOCO are more
computationally demanding, but they offer more flexibility when it comes to
beam-shaping and the adoption of different fitness functions. Using only the
predominant field component at a single or a very few points in a scalar regime,
FOCO linearizes the problem which may not lead to the optimal solution if
the assumption of a single dominant component in the target region does not
hold true. Like FOCO, MVFS falls into the category of convex optimization
approaches but with the distinction that there is no linearization in its formu-
lation and hence it is not scalar. MVFS casts the constrained RF/MW heating
problem into a semi-definite program of a time- and frequency-multiplexed it-
erative optimization algorithm and quickly solves it to global optimality.

To find the optimum excitations for antenna elements of the proposed ap-
plicator, this chapter utilizes PSO while taking advantage of TR fast compu-
tation by using it as the starting point. It goes without saying that using an
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educated initial guess can help to reduce both the optimization time and the
odds of getting trapped in local minima.

Implementation of PSO in EM problems is straightforward as discussed
elsewhere [126]. The main steps taken are listed below.

• Definition of the problem space: if N is the number of antennas,
then the goal is to find N complex numbers (each has a phase and
amplitude that is normalized to the maximum in the set) in such a way
that they make a focal point on tumor when excited simultaneously. To
this end, 15 particles are set to search the solution space of a unit circle
in the complex plane. So each particle is an N by one vector of complex
numbers in that space.

• Initialization of the 1st swarm: TR setting is assigned to the first
particle in the set because we want to take advantage of having a good
initial guess and to expedite the whole process of the optimization. The
rest of the particles are initialized by being assigned random complex
numbers in the search space.

• Cost Function: a well-defined goal function is the key to every success-
ful optimization problem. Although there are a lot of different indicators
defined in the literature to reflect SAR distribution in tumor’s volume,
HTQ so far seems to be the most promising, showing a better correlation
to clinical outcomes. Therefore, it is selected as the cost function here
as follows

HTQ = SAR(V1%)
SAR(T )

(2.12)

where SAR(V1%) and SAR(T ) are the highest percentile of SAR distri-
bution in the healthy tissue and the mean SAR absorbed by the tumor,
respectively.

• Termination condition: the optimization is terminated when the
maximum number of iterations (M) or the maximum number of stall
iterations (S) is reached, whichever comes first. In this problem, M and
S are set to 30 and 5, respectively.

Given that the size of tumors is different in these two scenarios, with case-
study 2 having a much larger tumor volume, frequencies of 500 MHz and
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(a) (b)

(c) (d)

Figure 2.16: (a) TR-PSO for minimization of the HTQ at 400 MHz (b), (c), and
(d) PLD distributions for the normalized excitation power of 0.5 W
per channel in transverse, sagittal, and coronal planes, respectively.

400 MHz are selected for case-study 1 and 2, respectively. Results of the cost
function minimization and beamforming for case-study 1 have been reported in
Paper B and thus not repeated here. The corresponding results for case-study
2 are shown in Figure 2.16. As can be seen from the plot, the hyperthermia
treatment plan resulted in an HTQ value of 1.53 in less than 30 iterations.
SAR treatment quantifiers of target coverage 25% (TC25) and 50% (TC50)
were measured to be TC25 = 97% and TC50 = 78%. TCx indicates the
percentage of the tumor volume that is enclosed by the iso-contour of x% of
the maximum deposited SAR in the tumor.
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Step III. Thermal Simulation

To fully understand and evaluate HT treatment sessions, SAR simulations
need to be followed by thermal analysis in order to account for relevant cooling
mechanisms as tissue perfusion and waterbolus cooling. The most widely
used model for this purpose is the Pennes Bioheat equation [127]. While
computationally efficient, Pennes equation provides a simplified model for the
phenomenon as it fails to account for the direction of the blood flow or heat
exchange between large blood vessels and tissue. Van den Berg et al. [128]
have shown that this can result in significant inaccuracies in temperature
prediction of about 1–2◦C. To address the issue and to improve temperature
predictions in HTP, advanced thermal models such as DIVA which includes
large discrete vasculature have been developed [129]. These advanced models
are, however, computationally expensive and require GPU-based algorithms
for a fast and efficient implementation. Moreover, a detailed and adequate
estimation of blood flow during hyperthermia which is an important input
parameter to these models remains challenging and subject of further research
[28].

While commercial solvers like CST and COMSOL can be used to tackle
such a multi-physics problem to some extent, a modular open-source com-
putational engine provides more flexibility to model, simulate, and optimize
the treatment planning workflow. It can also save computational time upon
efficient implementation. Moreover, CST uses only hexahedron meshes for
thermal simulation of biological models which limits the ability of its solver
to conform the meshes to the natural curvatures of the biological structures/
tissues. As a result, it can give rise to staircase approximations at tissue bor-
ders. COMSOL, on the other hand, uses the tetrahedron mesh type, which
is more flexible for conformal meshing, but at its current implementation,
COMSOL’s mesh generator package cannot handle very sophisticated struc-
tures like human bodies with lots of intricate tissue geometry. Despite the
availability of a possible workaround suggesting the dielectric mapping in-
stead of importing the whole physical body model into COMSOL [130], [131],
this solution introduces additional approximation due to dielectric interpola-
tion at tissue borders. Interested readers are encouraged to consult [132] for
more information on the limitations of commercial thermal solvers, as well
as the implementation details of an alternative open-source computational
engine for Hyperthermic thermal simulations.
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Development of a FEniCS-based Thermal Solver

In this section, Pennes Bioheat Equation (2.10) in conjunction with the Dirich-
let boundary condition of T = Tbolus, i.e. a fixed waterbolus temperature at
the border of the computational domain, has been considered for thermal
modelling. A brief overview of the theoretical approach to model the physical
phenomenon is first given and the integral ‘weak forms’ are derived. Then
the open-source codes of the Finite Elements of nonlinear iterative Computa-
tional Science (FEniCS) project [133] have been used to numerically solve the
integral forms. FEniCS uses the unified form language (UFL) which provides
a flexible interface for defining expressions for weak forms in a notation close
to mathematical notations and can be scripted either in C++ or Python. The
Python distribution of Anaconda7 with its powerful IDE, Spyder, which re-
sembles and includes most of MATLAB’s functionalities, has been used for the
thermal analysis in this study. Finally, the results of FEniCS are presented
and crosschecked against COMSOL.

In the context of the finite element method, boundary-value problems can
be solved using either the Rayleigh-Ritz variational method or the Galerkin
weighted residual method to formulate the elemental FEM equations [134]. In
the Rayleigh-Ritz method, the boundary-value problem is formulated in terms
of a variational expression, called functional. The minimum of this functional
corresponds to the governing differential equation under the given boundary
conditions (BC). Natural BCs are automatically satisfied in the process of
minimization or maximization of the functional. Essential BCs, on the other
hand, have to be explicitly enforced, hence the name ‘essential’. Galerkin’s
method, which belongs to the family of weighted residual methods, seeks the
solution by weighting the residual of the governing differential equation. The
weighting functions in this method are selected to be the same as the basis
functions used for the expansion of the approximate solution (see [134], [135]
for a thorough discussion on the subject).

Considering ∂T
∂t as (Tn+1 − Tn)/∆t which is a central finite difference dis-

cretization of the nth time step, the weak form of Equation (2.10) can be
derived as:

7www.anaconda.com
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cρ

∆t (T
n+1 − Tn) = κ∇2Tn+1 + PLD − cbωb(Tn+1 − Tb)

Tn+1 − Tn − κ∆t
cρ

∇2Tn+1 − ∆t
cρ
PLD + cbωb∆t

cρ
(Tn+1 − Tb) = 0. (2.13)

By multiplying Equation (2.13) with the weight function w and integrating it
over the computational domain Ω, we get

∫
Ω

[
Tn+1w−Tnw−κ∆t

cρ
∇2Tn+1w−∆t

cρ
PLD·w+cbωb∆t

cρ
(Tn+1−Tb)w

]
dΩ = 0.

The ‘weak form’ means reducing the second-order derivative of ∇2T to a first-
order derivative using By-part integration for higher orders. The product rule
for divergence from vector identities in mathematics states that ∇ · (wV ) =
w∇ · V + ∇w · V for a given vector V and a scalar w. Now, considering
∇Tn+1 as V , the following mathematical manipulation can be performed

w∇2Tn+1 = w∇ · ∇Tn+1 = ∇ · (w∇Tn+1) − ∇w · ∇Tn+1

which can be further simplified using the divergence theorem to get∫
Ω
w∇2Tn+1dΩ =

∫
∂Ω
w∇Tn+1dΓ −

∫
Ω

∇w · ∇Tn+1dΩ. (2.14)

According to the essential Dirichlet BC and the fact that we have no varia-
tion on the border, the first term in the right-hand side of Equation (2.14)
vanishes and the substitution of the second term into Equation (2.13) gives
the following weak form equation

∫
Ω

[
Tn+1w−Tnw+κ∆t

cρ
∇w·∇Tn+1−∆t

cρ
PLD·w+cbωb∆t

cρ
(Tn+1−Tb)w

]
dΩ = 0.

(2.15)
Finally, using the UFL notation, Equation (2.15) can be written in a Python
script as the symbolic Bioheat equation (Fn+1(T ;w) = 0) and then FEniCS
can be asked to separate the linear (L(w)) and bi-linear (a(T,w)) parts and
solve the equation. Interested readers can consult [136] for detailed instruc-
tions on how to write a UFL Python script for heat equations in general. Note
that the steady-state analysis can also be easily performed by setting ∂T

∂t in
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Equation (2.10) to zero and repeating the weak form calculation as discussed
above.

Following the instructions in its official website8, the latest stable version
of FEniCS can be installed on a Linux distribution such as Ubuntu9 or on the
Windows Subsystem for Linux (WSL)10 in a Windows-based machine. After
a successful installation of the platform and having the weak form Equa-
tion (2.15) scripted in Python and ready, the next step is to import the ge-
ometry and the mesh into the platform. FEniCS itself does not provide the
necessary tools and functionalities to mesh very complex scenarios such as
human bodies with very heterogeneous properties, but it accepts most com-
mon mesh types produced by other dedicated mesh generators. In particular,
it provides two mesh converters, i.e. dolfin-convert and its modern version
meshio, to convert the imported meshes to the xml format for its internal
processes. A powerful MATLAB-based meshing toolbox called Iso2mesh11

is used in this study to mesh the scenarios. Iso2mesh allows for the tissue-
specific assignment of blood perfusion rate and other thermal properties by
giving each tissue type a unique identifier. It can also save the meshes in the
Gmesh12 format that can be later imported, converted, and used by FEniCS.
To compute the solution, FEniCS offers a variety of linear solver methods
based on either Krylov iterative solvers such as Conjugate gradient (Cg) and
generalized minimal residual (gmres) methods with different pre-conditioners
or direct LU-decomposition methods such as PETSc and Multifrontal Mas-
sively Parallel Sparse direct Solver (MUMPS). The appropriate selection of
the solver depends on the scenario, the number of mesh cells, available RAM
of the operating computer, desired accuracy, and the run-time. After run-
ning the simulation, FEniCS can output the result in HDF5 or vtk formats.
The latter is a very convenient choice for post-processing and visualization in
ParaView13.

8www.fenicsproject.org
9www.ubuntu.com

10https://docs.microsoft.com/en-us/windows/wsl/about
11www.iso2mesh.sourceforge.net
12www.gmsh.info
13www.paraview.org
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(a) (b) (c)

Figure 2.17: Temperature distributions for case-study 2 in (a) transverse, (b) coro-
nal, and (c) sagittal planes.

Thermal Evaluation & Analysis

After exporting the EM fields from CST, thermal analysis for both case-
studies were performed using FEniCS. Steady-state temperature distributions
for case-study 1 has been reported in Paper B and those of case-study 2 are
shown in Figure 2.17. To quantify the quality of the treatment outcome
based on commonly used metrics in the HT community, thermal indicators of
T90, T50, T10 were measured as follows: T90 = 38.57◦C, T50 = 39.79◦C, and
T10 = 40.77◦C. The thermal indicator of Tx determines the temperature in
the target tumor exceeding by x percent of all the temperature values.

The thermal distribution obtained for case-study 1 was compared to that
of COMSOL. As stated earlier, we do not expect to see identical results due
to limitations associated with the current implementation of COMSOL. Fig-
ures 2.18(a) and 2.18(b) present the steady-state temperature distributions
computed by FEniCS and COMSOL along the cut-lines L1 and L2 that run
through the center of the tumor and are shown in Figure 2.14(a). As can be
seen, there is a good agreement between the two solvers in general. The pre-
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(a) (b) (c)

Figure 2.18: Steady-state temperature profiles of case-study 1 simulated both by
FEniCS and COMSOL along (a) L1 (b) L2. (c) Transient tempera-
ture evolution in the center of the tumor (point C) over a time window
of 20 minutes simulated by FEniCS.

dicted distribution of FEniCS is, however, smoother than COMSOL because
of the finer meshes employed. The highest possible number of mesh cells that
COMSOL could handle for this scenario was used. Yet, as the sharp edges
in red curves indicate, the number of mesh cells in COMSOL needs to be
higher to obtain a smoother thermal distribution. For the transient analysis,
Figure 2.18(c) shows how temperature at the center of the tumor (point C in
Figure 2.14(a)) evolves during a time window of 20 minutes of HT application.
After almost 15 minutes, the steady-state condition reaches with temperature
plateauing at 44.5 ◦C. The transient result is presented only for the FEniCS
case because the COMSOL solution did not converge at the end due to the
spatial resolution of the meshes and its impact on the temporal steps. On the
contrary, a Crank-Nicolson scheme for temporal steps in FEniCS was utilized
which guaranteed the convergence in a reasonable deal of simulation time.
Below, the temporal stability is briefly elaborated upon.

As mentioned earlier, the central FD scheme for temporal steps was used to
obtain Equation (2.15). However, for complex geometries where there are very
fine and detailed mesh cells, there are other schemes more capable of handling
transient problems. This intricacy of the mesh can have an implication on the
numerical stability and convergence of the method. The so-called θ-scheme
offers three discretization methods in one notation as follows

cρ

∆t (T
n+1 −Tn) = κθ∇2Tn+1 +κ(1−θ)∇2Tn +θf(tn+1)+(1−θ)f(tn) (2.16)
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where f is the source/ sink term. Depending on the value of θ, Equation (2.16)
can be considered as the explicit Euler scheme, for θ = 0; the Crank-Nicolson
scheme, for θ = 1

2 ; or the implicit Euler scheme, for θ = 1.
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CHAPTER 3

SEM: EM Modeling of Beamforming Metasurfaces

A rich variety of electromagnetic properties has been witnessed in natural
materials and harnessed over centuries. However, the ambitious desire of hav-
ing full control over EM properties of materials in recent years has put a
stringent demand on nature, which cannot, despite its rich diversity, equip
us with a full range of materials to realize all physically possible effects and
phenomena. This is where the artificial, engineered substances, better known
as metamaterials (MTM), come into the picture. Having a set of small scat-
terers or apertures arranged in a regular array throughout their structures,
metamaterials can exhibit some desirable bulk behaviour. In fact, such de-
sired properties as left-handedness (backward waves with phase and group
velocities that are in opposite directions), negative refractive index, near-zero
index, and so on cannot often be found naturally and thus require some engi-
neering intervention and effort to bring them to life [48]. Volumetric MTMs
can, in practice, impose significant dissipation losses and fabrication difficul-
ties. However, it is not always necessary to design a bulk material but rather
analogous responses can be obtained by judiciously placing electrically small
scatterers into a two-dimensional pattern at a surface or an interface. This
gives rise to the concept of metasurfaces (MTS), single-layer 2D counterparts

57



Chapter 3 SEM: EM Modeling of Beamforming Metasurfaces

Figure 3.1: Different types of periodic planar structures classified in terms of their
homogenizability and the resonant (green shade) or non-resonant (red
shade) natures of their operation (Taken and reprinted from [137]).

of the bulk metamaterials [3].
Within the limits dictated by energy conservation, metasurfaces can ar-

bitrarily modify such wave attributes of an incident EM radiation as polar-
ization, amplitude, phase, and wavefront shape both in reflection and trans-
mission scenarios. This property of metasurfaces makes them particularly
appealing to applications in need of polarization converters, phase shifters,
steering antennas, holograms, and so on. As the brief discussion on surface
EM in Section 1.3 revealed, various types of periodic structures have emerged
in recent years to cater to different applications. At this stage and based on
the distance between adjacent inclusions/elements (D) as well as the type of
electromagnetic response (resonant or non-resonant), it might be informative
to refer to a classification of some common forms of these structures proposed
by [137] and reprinted above in Figure 3.1.

The topic of this chapter revolves around the metasurfaces belonging to the
third category of Figure 3.1, i.e. homogenizable ( λop

30 ≤ D ≤ λop

2 ) single-layer
composites of macroscopic inclusions under resonance.
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3.1 Homogenization Approach & Floquet Theorem
Being polarizable interfaces and often idealized as an electromagnetic discon-
tinuity of exactly zero-thickness, metasurfaces are in need of a new set of
boundary conditions because the conventional boundary conditions found in
most electromagnetic textbooks do not rigorously apply to these kinds of inter-
faces [138]. There is, however, a modified set of rigorous boundary conditions
commonly referred to as the Generalized Sheet Transition Condition (GSTC)
which was first developed by Idemen [139] and later applied to metasurfaces
by Kuester et al.[140]. In short, the GSTCs form a set of coupled inhomoge-
neous partial differential equations which has enabled the researchers in the
field to cast the metasurface synthesis into an inverse problem whose solution
generally leads to a closed-form formula for synthesized surface susceptibili-
ties [138]. GSTC, whose technical discussion is beyond the scope of this text,
offers the most rigorous and thorough characterization technique for an in-
finitesimally thin metasurface but comes at the cost of a discrepancy between
the scattering response of the zero-thickness model and that of the thin meta-
surface slab. However, there exists a much simpler technique (not so general
or rigorous as GSTC) using the homogenized theory [141].

Periodic nature of metasurfaces lends itself to the efficient utilization of
spatial harmonic analysis using Floquet theorem, a spatial counterpart of the
Fourier series. In the sub-wavelength regime where the periodicity of the
inclusions is much smaller than the operating wavelength, considering only
the first-order response of the surface will be sufficient. More precisely, it
can be shown that the propagation of higher-order Floquet harmonics will be
suppressed if the operating frequency (f0) satisfies the following condition

f0 <
c

d(√εreff + sinθi)
(3.1)

where c is the speed of light in free-space, d is the lattice periodicity, εreff

is the effective relative permittivity of the surrounding medium, and θi is the
incident angle of the impinging EM wave [142]. In other words, higher-order
Floquet modes (grating lobes) are in cut-off when Equation 3.1 is satisfied.
Under this condition and according to the averaged theory, the periodic surface
can be modeled as a homogeneous interface characterized by a finite surface
current, and consequently, it can be represented by a uniform sheet with a
frequency-dependent surface impedance [143].
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At this point, an overall review of the Floquet concept may serve interested
readers well and will also facilitate discussion flow in the remainder of the
chapter. For simplicity, let us consider a 1D periodic structure lying on the xz-
plane with lattice periodicity dz along the z-axis. Due to spatial periodicity,
which leads to having periodic boundary conditions (PBC), any EM field
components at the borders can be described by

ϕ(x, y, z + dz) = e−jkz0dzϕ(x, y, z) (3.2)

which implies that the field components differ only by a phase term indicated
by the exponential factor kz0 = β − jα (where β and α are the propagation
and attenuation constants, respectively). This is in accord with Floquet-Bloch
theorem [144], stipulating that an EM wave propagating through a periodic
medium takes on the same periodicity as that of the hosting medium. In other
words, while plane waves are the eigen modes of propagation in a homogeneous
medium, the eigen modes of a periodic medium, known as Bloch modes, are
traveling waves modulated by standing waves. Therefore, the field component
satisfying Equation 3.2 can be written as

ϕ(x, y, z) = e−jkz0z · p(x, y, z) (3.3)

where p is the modulating periodic function such that p(x, y, z) = p(x, y, z+dz)
which can then be expanded in a Fourier series form

p(x, y, z) =
n=+∞∑
n=−∞

an(x, y)e−j 2πn
dz

z (3.4)

with an being the structural coefficients describing the field variations in
the x and y directions. Substituting Equation 3.4 into 3.3, the final field
distribution can be written as ϕ(x, y, z) =

∑n=+∞
n=−∞ an(x, y)e−jkznz where

kzn = kz0 + 2π
dz
n, n = 0,±1,±2, ... which is often called Floquet spatial

harmonic expansion.

3.2 Reconfigurability Mechanisms
As mentioned in the opening of Section 1.3, reflectarrays and transmitarrays
are two prime examples of quasi-periodic surfaces whose reconfigurable ver-
sions, i.e., RRA and RTA, have in recent years laid the foundation for the
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heated topic of engineered EM metasurfaces in wireless communication, a
concept widely known as reconfigurable intelligent surface (RIS) in the lit-
erature. Therefore, to better understand the basic concept of RISs, we may
benefit from looking back to their “ancestors” whose enabling technologies
and mainstream reconfigurability mechanisms are neatly reviewed in [145].
Reflectarrays and transmitarrays, as their names may suggest, are interesting
hybrids between aperture antennas, such as reflectors and lenses, and antenna
arrays. Due to their attractive qualities, they have been the subject of ex-
tensive investigation for many years, and their electronically tunable versions
have garnered significant attention over the past decade. Indeed, reconfigura-
bility turns RAs and TAs into powerful beamforming platforms by combining
the best features of aperture antennas and phased arrays.

A simple statistical analysis on the number of publications over a 20-year
period, conducted recently by Ramaccia et al. [146] and reprinted here in Fig-
ure 3.2(a), reveals a steady and significant growth in the publication trends
on both reconfigurable MTMs and tunable MTSs. Another interesting ob-
servation from these publication volumes over the years is that while both
categories exhibit an upward trend, reconfigurable metasurfaces seem to be
outpacing their metamaterial counterparts, probably thanks to their thinner
profile and potentially simpler fabrication methods. When it comes to EM re-
configurability techniques and implementation methods, Figures 3.2(b) (taken
from a survey in 2014 [145]) and 3.2(c) (reprinted from a much more recent
survey [146] in 2025) show that the primary approaches have remained more
or less the same over the years, although the techniques in each category
have inevitably become more mature over time. Mechanical-based, material
phase change, and electronic lumped element tunability approaches, as de-
picted in the figure, are the three pillars, choice of which ultimately depends
on application-specific requirements such as operational frequency band, de-
sirable tunability range, switching speed, and power consumption. Given the
intended application in wireless communication at FR1 (sub-6 GHz frequency
range), this thesis exclusively focuses on the third category, i.e., electronic ap-
proaches, and more precisely on the varactor-diode sub-category within that
family.

EM systems in general better lend themselves to electronic reconfigurability
because of their natural compatibility with printed circuit board technology
and simpler driving strategy via electric signals. Thanks to this granular con-
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trol provided by electronic lumped elements, the EM community has been
able to realize spatially dispersive reconfigurable metasurfaces whose proper-
ties can be controlled not only in time but also in space, an idea widely known
as space-time or spatio-temporal (ST) modulation [147], [148]. When compar-
ing the reconfiguration speed with the frequency of the interacting EM wave
in the context of ST modulation, two operational modes can be identified i.e.,
the quasi-static regime where the reconfiguration speed is much slower than
the frequency of the EM field, and the dynamic regime, which is characterized
by a reconfiguration speed comparable with the frequency of the illuminating
EM field.

Diode-based reconfigurability methods, either PINs or varactors, continue
to dominate within the electronic family while MEMS have gradually faded
away during the years due to their relatively more complex and expensive fab-
rication process and also their slow switching speed, typically falling into the
kHz (millisecond) range. Varactors are semiconductor devices that provide
voltage-controlled variable capacitors for tunability. They offer fast switching
speed and broad tuning ranges (continuous phase control) but suffer from rel-
atively high insertion losses, limited power handling capabilities, and also a
limited range of operational frequency which barely exceeds a couple of few
GHz. On the other hand, PIN diodes, which are also semiconductor devices
consisting of a wide and undoped intrinsic region sandwiched between a P-N
junction, offer a faster switching rate thanks to their very low reverse recov-
ery time. PIN diodes also excel in terms of insertion losses, power handling
capabilities, and range of operation frequency. However, the downside of a
PIN diode implementation is its limited tuning performance, as a single PIN
element can switch only between two different states (providing 180 degrees
phase discretization), while the use of multiple PIN diodes to achieve a dis-
crete number of reconfiguration states significantly increases the complexity
of the unit cell design and DC biasing feed network. As a compromise to
achieve a sufficient phase discretization level of 45◦ (8 states), an RF-switch-
based design along with fixed printed delay lines has also been proposed and
investigated in the literature [149], [150].
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(a)

(b) (c)

Figure 3.2: Trends and techniques in reconfigurable meta-devices. (a) Publication
numbers per year on tunable metasurfaces vs metamaterials. (b) Main-
stream reconfigurability technologies for RRA and/or RTA reviewed
in 2014 by Hum et al. [145] along with a qualitative assessment of
their related properties, where ‘+’, ‘0’, and ‘-’ symbols refer to good,
neutral, and poor, respectively. (c) Three primary reconfigurability
approaches in meta-structures reviewed and reported in 2025 by Ra-
maccia et al.[146].
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3.3 RISs in Wireless Communications
Massive MIMO and mmWave communications were two key technologies of
the 5G physical layer that helped to significantly increase the network capacity
and resolve the spectrum shortage issue in current cellular communication
systems [151]. Through boosting system capacity by spatial multiplexing,
achieving reliable transmission by diversity, and overcoming propagation loss
by beamforming, the multi-antenna technique has indeed played a key role in
wireless communications [152]. Yet, the emerging data-intensive applications,
such as virtual/augmented reality and autonomous driving, push the ever-
increasing traffic demands to a new level that can hardly be supported by 5G,
and this is partly why the sixth-generation (6G) of mobile communications
has gained a lot of momentum recently, both in industry and academia. In
the context of potential enabling technologies for 6G, one can, among an
exhaustive list proposed in the literature, enumerate a selected few possibilities

• to further extend the spectrum to terahertz (THz) or even visible-light
communication, hence expanding the available spectrum resources [153]

• to scale the antenna arrays to ultra massive MIMO [154] or even gigantic
MIMO [155] to boost the spatial diversity and/or multiplexing gain

• to artificially control and shape the electromagnetic wave propagation
environment by deploying engineered EM metasurfaces [156].

In line with the last item in the above-mentioned list, this chapter revolves
around RIS modeling from the EM point of view. In fact, the emergence of
metasurfaces and their widespread applications during recent years has led
to the conceptualization of an evolving subdiscipline of electromagnetics com-
monly known as surface electromagnetics (SEM). Arbitrary manipulation of
EM wavefronts is one of the coveted SEM goals which has given rise to the
notion of RIS and is poised to play a pivotal role as an enabling physical layer
technology in transceiver design for wireless systems and applications. An
RIS is a large metasurface panel backed by a control unit that synthesizes
a desired radiation pattern using either the generalized law of reflection or
holographic beamforming techniques, to be discussed in more detail in the
upcoming sections. When it comes to different RIS layouts and operational
modalities, they can be broadly categorized into continuous phase gradient
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Figure 3.3: Qualitative comparison between pros and cons of metasurfaces vs ex-
isting antenna solutions for 6G wireless communication (Taken and
reprinted from [160]).

(analog) metasurfaces [157] and digital coding metasurfaces [158]. While ana-
log surfaces provide more freedom in phase tunability, a large range of distinct
functionalities can also be realized by digital coding and programmable meta-
surfaces that usually exploit an FPGA processor to bridge the EM physical
world and the digital information world by performing direct modulation on
the metasurface interface itself without using any external digital-to-analog
(D2A) conversion and/or mixing process [159].

Agile reconfigurability of RISs particularly appeals to the future wireless 6G
communication sector where dynamic beamforming and tracking are needed
for automotive radar applications, vehicle-to-vehicle (v2v) communication,
and satcom globalization [160]. Despite the great promises offered by metade-
vices as a disruptive technology to the existing antenna architecture, certain
challenges still remain to be addressed before they can gain widespread sup-
port for commercial deployments. Figure 3.3 provides a high-level comparison
between pros and cons of SEM-based metasurfaces versus existing solutions
and technologies. In a nutshell, frequency bandwidth limitation is one of the
toughest challenges EM metasurfaces currently face due to the resonant na-
ture and frequency dispersive behavior of their building blocks, i.e. their unit
cells.

3.4 RIS Modeling Techniques
Covering communication theory, electromagnetism, and computer science,
RIS’s modeling, analysis, and design for wireless network applications is a
multidisciplinary research topic. Ignoring this multidisciplinarity by sepa-
rating the communication and EM aspects of the problem and assigning an
arbitrarily controlled phase profile to RISs, as the vast majority of studies in
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communication society have assumed so far, is too much of a simplification.
This is because perfect phase prescription may or may not comply with the
physics of the problem at hand and thus may lead to unrealizable performance
predictions. In fact, the response depends not only on the properties of the
designed surface (such as the choice of substrate and the characteristics of the
tunable components) but also on the properties of the impinging wave (such
as the angle of incidence and polarization) [142].

As far as the response dependency on the incident angle is concerned, RISs
are said to be spatially dispersive, meaning that the reflection properties of an
EM wave interacting with RIS strongly depend on the incident angle. When it
comes to polarization dependency, the behavior of a symmetric surface topol-
ogy under normal incidence coincides for both TE (Transverse Electric) and
TM (Transverse Magnetic) polarizations. However, oblique incidence can, in
general, cause polarization dependency in RIS responses and therefore should
be analyzed separately. Accounting for mutual interaction/ coupling among
adjacent meta-atoms is another important issue that ultimately sets the pro-
posed methods in the literature apart in terms of their analysis complexity,
accuracy, and repeatability under different loading conditions. Therefore, the
development of an EM-compliant model that is both tractable and low-cost,
thereby avoiding heavy computational burdens, is of crucial importance for
characterizing and predicting the performance of RISs at the system level.

To set the stage for the remainder of the chapter and to place the mutual
coupling discussion in the proper context, infographic 3.4 presents an ab-
stract, high-level classification of the most common RIS modeling approaches
reported in the literature to date. It illustrates the progression in modeling ab-
straction—from the smallest meta-atom scale, to the full beamforming panel,
and ultimately to the RIS-assisted wireless propagation scenario involving
multiple-input–multiple-output (MIMO) transmitter–receiver antenna pairs.
Overview of this section is not intended to be exhaustive, nor is it meant to
provide a comprehensive treatment of all listed techniques. Rather, only the
methods employed in this study will be discussed in detail, while readers in-
terested in alternative approaches are directed to the cited references. Key
aspects of the infographic are summarized in the following subsections.
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Figure 3.4: RIS modeling infographic.

Local Periodicity
Built upon the concept of periodic boundary condition (PBC), local periodic-
ity (LP) [161] assumes that the characteristics of the elements vary gradually
across the surface, thereby justifying the use of a single unit cell response
surrounded by an infinite set of identical elements. This way, a database of
phases can be created by performing a parametric simulation of the elements
under different loading conditions. This is commonly referred to as the ‘lookup
table’ approach through which a correspondence can be established between
geometrical surface parameters and the phase response of a particular pixel
in the panel. This methodology, in fact, links back to the discussion of ho-
mogenization under the Floquet-Bloch theorem as presented in Section 3.1.
Moreover, LP can indeed capture a ‘coherent’ version of mutual coupling [162]
among cells since the unit cell is not in a standalone/ isolated configuration
but rather embedded in an infinite array of elements all identical to each other,
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hence the name coherent. However, as experimentally demonstrated in a re-
cent study [163], the PBC-based modeling and its ensuing lookup-table-based
synthesis can lead to pattern predictions that may noticeably deviate from
the realistic behavior of a heterogeneous/ disordered panel where there are
rapid phase variations in the prescribed phase profile across the surface, e.g.,
at the location of Fresnel-zone phase wrappings or the surface edge elements.

Local Network Analysis
In the context of RIS modeling, microwave network analyses have recently
received a lot of attention. Depending on whether these approaches are applied
for analysis at the UC level or the entire panel, they can be categorized into
‘local’ and ‘global’ microwave network techniques, of which the former is the
subject of this section while the latter will be discussed in the upcoming
section. Macroscopic modeling, known also as Macromodeling (MM) for short
[164], is a prime example of this family where the standard network analysis
is applied to RIS unit cells under local periodicity assumptions. The detailed
discussion and formulation of the method are provided in Paper D and Paper
E and therefore will not be repeated here, but rather the salient points of the
method are briefly summarized as follows:

• Since it is based on network analysis, MM in theory is more accurate and
more versatile than equivalent circuit (EC) based analyses [143], [165]
which are based on transmission line theory and face challenges in in-
corporating oblique incidence and polarization effects in their surrogate
models.

• MM separates passive structures, to be handled only once by a full wave
analyzer in order to produce the network parameters of a given UC,
from active lumped components that can then be analyzed repeatedly
later on using a fast circuit analyzer under different loading conditions
for RIS beamforming, for instance. This way, MM provides a fast and
efficient UC characterization technique, which can also streamline the
design process of RIS unit cells as proposed in [166].

• Being PBC-based, MM cannot capture non-coherent mutual coupling
effects among cells and thus inherits all the limitations associated with
the local periodicity approach discussed in the previous section.
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• At the panel level, MM interfaces with the array-factor (AF) frame-
work—discussed in a later section—and consequently inherits its under-
lying assumptions and limitations when predicting far-field (FF) scat-
tering patterns. As concluded in Paper D and Paper E, MM-AF-based
pattern predictions are satisfactory for main beam predictions, but care
needs to be taken when accurate sidelobe predictions are also of concern
and importance, as the method may not reliably capture these finer
details.

Global Network Analysis

As discussed previously, such local network analyses as Macromodeling can
provide viable and fast surrogate models for RISs within their above-mentioned
limitations and/or constraints. To harness the full potential of microwave
network analysis, however, the finite panel, and not just one unit cell under
infinite periodicity assumptions, needs to be considered and analyzed in its
entirety so that the complete mutual coupling effects under dynamic beam-
forming conditions can be fully captured. Moreover, due to overlooking ‘non-
coherent’ intera-cell interactions among aperiodic unit cells, local periodicity
cannot in general achieve amplitude control from the synthesis point of view,
although it can approximately control the phase of a wavefront [167]. To accu-
rately capture the inter- and intra-cell interactions, another strategy, relying
on impedance matrix representation, is proposed in the literature [168], [169].
This hybrid method treats the metasurface as a grid of unit cells, each of
which is modeled as a single port, and then uses a commercial FW solver only
once to compute the impedance matrix of the entire panel. The method also
provides the flexibility to model the metasurface as either a passive reflector
or a directly-fed leaky-wave antenna (the importance of the latter is further
emphasized under the holographic beamforming framework in Book Chapter
C ).

To provide some background about the network representation of MTSs,
let us follow the methodology in [168], where it is supposed that N number
of unit cells are terminated by loads and K of them are directly excited.
An impedance matrix notation can then be used to express the relationship
between the excitations and terminations in the network as follows:

69



Chapter 3 SEM: EM Modeling of Beamforming Metasurfaces

[
V̄L

V̄E

]
=
[ ¯̄ZLL

¯̄ZLE
¯̄ZEL

¯̄ZEE

] [
ĪL

ĪE

]
(3.5)

where the subscripts E and L denote the excitations and the loads, respec-
tively; ¯̄ZLL (an N × N matrix) represents coupling among the terminated
ports; likewise, ¯̄ZEE (a K × K matrix) represents coupling among excita-
tions; and finally, ¯̄ZLE and ¯̄ZEL are to represent the coupling between ter-
minations and excitations. If the load impedances at each terminated port
are plugged into a diagonal matrix ¯̄ZL, then the voltages produced by ex-
citations across the loads can be directly related to the load currents and
impedances as V̄L = − ¯̄ZLLĪL. Substituting V̄L into Equation 3.5 and per-
forming simple mathematical manipulations, one can analytically derive the
required impedances needed to achieve a desired radiation pattern as:

¯̄ZL =
[
− ¯̄ZLE ĪE − ¯̄ZLLĪL

]
∅ĪL (3.6)

where the symbol ∅ denotes the Hadamard element-wise division. As can be
seen, Equation 3.6 relates the load impedances to the currents at the ports,
hence providing a basis for an accurate synthesis technique of the currents to
produce desired scattering/ radiation patterns.

Another closely related approach to the generalized impedance method is
the scattering parameter network analysis since the impedance matrix ¯̄Z can
be easily converted to its corresponding scattering matrix ¯̄S. In fact, S matri-
ces have already been shown to be very effective in accurately characterizing
MIMO wireless systems [170], [171], and now their extension to RIS-assisted
communication link modeling seems to be a natural and straightforward step
to follow [172], [173]. At this point, a brief technical review on S-parameters
from microwave engineering textbooks [174], which can also be seen as a con-
comitant expansion to the Macromodeling formulation discussed before, will
facilitate the flow of discussion for the remainder of the chapter. With refer-
ence to Figure 3.5(a), if we consider a1 as the incident voltage wave entering
port 1 and b1 as the subsequent reflected voltage wave, then the reflection
coefficient Γ of this 1-port network is simply given by Γ = Z−Z0

Z+Z0
with Z and

Z0 being the input and characteristic impedances of the network, respectively.
Next, considering an arbitrary N -port network as illustrated in Fiqure 3.5(b),
the concept generalization of the 1-port network’s reflection coefficient Γ to
¯̄S matrix can be carried out through the vector-matrix notation as b̄ = ¯̄S ā
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(a) (b)

Figure 3.5: (a) 1-port network and (b) its expansion to an N -port network analysis.

where ā = [a1, a2, · · · , aN ]T and b̄ = [b1, b2, · · · , bN ]T are now inward-
and outward-propagating wave vectors, respectively. Under this generalized
matrix notation, the scattering matrix ¯̄S can be expressed in terms of the
impedance matrix ¯̄Z through

¯̄S =
( ¯̄Z + Z0

¯̄I
)−1 ( ¯̄Z − Z0

¯̄I
)

(3.7)

which for a 1-port network, reduces to the scalar Γ calculated above.

Scattering Pattern Prediction
Before diving into scattering pattern calculations, it will be beneficial to first
distinguish between the radiating near-field (Fresnel) and the far-field (Fraun-
hofer) regions by revisiting some of the standard definitions in antenna engi-
neering textbooks. Although various criteria have been established to identify
these regions, the boundaries separating them are not unique. However, ac-
cording to the discussion in [175], the observation point at r is considered to
be in the far-field (FF) if r ≥ 2D2/λ, where D is the largest dimension of the
antenna/ scatterer (in this case RIS). Now assuming this far-zone distance
criterion is met, the FF patterns of RIS beamforming panels can be predicted
using several methods, among which the array-factor-based (AF-based) ap-
proximate techniques and the rigorous computational-electromagnetic-based
(CEM-based) techniques stand out in the literature. CEM-based approaches
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are the subject of more detailed study in the next chapter and will be treated
there, but for now, suffice it to say that they provide the most accurate pre-
dictions at the cost of requesting more intensive computational resources.
AF-based methods, on the other hand, are less precise but faster and build
upon the common wisdom in phased array antenna design and analysis by con-
sidering elements of RIS panels as passive scatterers (‘2nd-hand’ radiators),
each contributing their own specific phase-delay to shape and manipulate the
scattered wavefront in a prescribed manner.

In mathematical terms, the dominant polarization (ê) of the scattered elec-
tric field in the far zone can be expressed as:

Es
RIS = 1

r
e−jkrG(r̂) = ê

1
r
e−jkrG(θ, φ) (3.8)

where r = rr̂ is the position vector, 1/r is the divergence factor, e−jkr is
the phase factor, and G(r̂) is the complex far-field function [176]. Using
the pattern multiplication rule [175], the panel’s FF function can be written
as G(θ, φ) = Gelement(θ, φ) × AF with Gelement and AF being the co-polar
dominant component of the FF function of one isolated element and the array
factor, respectively. AF is a function of local reflection coefficients (Γmn) and
can be expressed for a rectangular grid of M rows and N columns as follows:

AF =
M∑

m=1

N∑
n=1

|Γmn|e−j[k(n−1)dx sin θ cos φ+k(m−1)dy sin θ sin φ+∠Γmn] (3.9)

where dx and dy are inter-element spacings in x- and y-directions, respectively.
It is noteworthy to mention that instead of reflection coefficient Γ, some studies
in the literature [177], [178] have preferred to use the concept of radar cross-
section (RCS) (σs = limr→∞ 4πr2|Es|2/|Ei|2) to calculate the array factor,
which is just a different interpretation yielding comparable results in the end.

System-Level Modeling
A key component of any wireless communication system is the wireless chan-
nel, through which radio waves convey signals and information. In propa-
gation channels of realistic large-scale scenarios, it becomes computationally
intractable, if not impossible, to obtain analytical solutions for the EM fields
through solving Maxwell’s equations under appropriate boundary conditions.
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In fact, the classic computational EM (CEM) techniques, such as FDTD,
FEM, and MoM, which are based on the discretization of integro-differential
equations, have to face the challenges of prohibitively large memory require-
ments and slow computational speed or convergence rate due to the fact that
wireless propagation environments are, in most cases, electrically large. There-
fore, based on some known system parameters such as operating frequency, ter-
rain characteristics, antenna heights, and other relevant factors, propagation
modeling aims to estimate EM fields or signal strength for these large-scale
scenarios [179]. A channel model should ideally include not only large-scale
and small-scale features of the channel but also the impact of arbitrary array
configurations and antenna elements.

A thorough treatment of the methods commonly used for propagation anal-
ysis is beyond the scope of the current work, yet the interested readers may
find it beneficial to have a short survey on the topic here. Note that a unified
notation is not used in this section, but rather the formulas are taken and di-
rectly reported as in their respective original studies. To start with, we notice
that the propagation models fall within one of the broad families of empirical/
stochastic models and theoretical/ deterministic models. Empirical models,
such as Hata-Okumura for urban regions, are widely used and are developed
on the basis of extensive field measurements. In the context of path-loss (PL)
modeling and large-scale fading for RIS-assisted links, the following empirical
model is widely adopted in the wireless community [180]:

PL = PL0 − 10α log10( d
d0

), (3.10)

where PL0 (for instance, −30 dB) is the path loss at the reference distance
d0 (for example, 1 m). Empirical models are generally simple to use and
computationally efficient, while still offering satisfactory accuracy. However,
they are typically range-based and remain valid only for environments similar
to those from which they were originally derived. Moreover, in the context
of MIMO systems, empirical models cannot reliably capture space–time or
angle–delay characteristics, which are essential for accurate MIMO channel
simulations.

For line of sight (LoS) free-space radio propagation, the simplest theoretical
propagation model is the Friis equation [181] which relates the received power
(Pr) captured by the receiver (Rx) antenna with an effective area Aeff to the
transmitted signal power density in a sphere with radius r meters as follows
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Pr = PtGt

4πr2 Aeff (3.11)

where the product of the transmitted power (Pt) and the gain of the transmit-
ter (Tx) antenna (Gt) is usually called effective isotropically radiated power,
i.e. EIRP = PtGt. As stated in [175], [176], Aeff can be related to the gain of
the receiving antenna Gr and the wavelength λ through Aeff = λ2

4πGr. Sub-
stituting this expression into Equation (3.11) and defining Ls as the free-space
path loss, one then gets:

Pr = PtGtGr

Ls
; Ls =

(
4πr
λ

)2
. (3.12)

Modifying the basic Friis equation to account for the 2-hop link between Tx
and Rx through an RIS as shown in Figure 3.6(a), Tang et al. [182] proposed
the following formula for link budget calculations in terms of local reflection
coefficients of a N ×M panel in a virtual LoS RIS-assisted communication:

Pr = Pt
GtGrGdxdyλ

2

(4π)3

∣∣∣∣∣∣
M∑

m=1

N∑
n=1

√
F combine

n,m Γn,m

rt
n,mr

r
n,m

e−jk0(rt
n,m+rr

n,m)

∣∣∣∣∣∣
2

(3.13)

where F combine
n,m = FT x(θT x

n,m, ϕ
T x
n,m)FUC(θT x

n,m, ϕ
T x
n,m)FRx(θRx

n,m, ϕ
Rx
n,m) accounts

for the effect of F • (the normalized power radiation patterns of Tx, Rx, or the
unit cell) on the received signal power. In a similar fashion but by utilizing
RCS (σ) of the unit cells instead of their normalized power radiation patterns,
Costa et al. [143] reformulated Equation (3.13) to calculate the received signal
power in RIS-assisted wireless communications as follows:

Pr = Pt

(4π)3λ
2×

M∑
m=1

N∑
n=1

Gt(θT x
n,m)Gr(θRx

n,m)σ(θt
n,m, θ

r
n,m)|Γn,m|2e−2j∠Γn,me−2jk0(rt

n,m+rr
n,m)

|rt
n,m|2|rr

n,m|2
.

(3.14)

Borrowing from the power definition of Equation (3.13), later investigations,
such as [183] among many other similar studies, defined an end-to-end SISO
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channel for a typical RIS-assisted scenario between a base station (BS) and a
user equipment (UE), shown in Fiqure 3.6(b). They modeled the UE received
signal (r) under additive white Gaussian noise (n) in the familiar format of
r = wx+ n, with w being the cascaded BS-RIS-UE channel expanded as

w =
√
GrGuGtArAu

4π

Ntot∑
n=1

√
F̃nΓn

rt
nr

r
n

e−jk0(rt
n+rr

n) (3.15)

where Ntot is the total number of RIS elements, Ar is the effective aperture
area of the TX antenna, F̃n is the same as F combine

n,m in Equation (3.13) but
with linear indexing, i.e. Ntot = N × M , and Au, Gu are the area and gain
of each UC element, respectively. Equation (3.15) can also be written in the
compact form of w =

√
GrGuGt (g ⊙ h)T Γ where h = [h1, h2, · · · , hNTot ]

T

with hn =
√
AuFT x

n F t
n/4π|rt

n|2e−jk0rt
n denotes the channel vector between

the BS and the RIS, g = [g1, g2, · · · , gNTot ]
T is the LoS channel vector between

the UE and all the elements of the RIS with gn =
√
ArFRx

n F r
n/4π|rr

n|2e−jk0rr
n ,

and ⊙ stands for Hadamard product.
As one can see from all the theoretical Friis-based equations above, only

unobstructed LoS paths in each hop (between BS–RIS and RIS–UE) are con-
sidered in Equations (3.13), (3.14), and (3.15) and thus these formulas do not
account for the presence of multi-path components. To capture multi-path ef-
fects and therefore get a more realistic channel estimate, a more sophisticated
deterministic channel modeling, such as ray-tracing (RT), is required. Unlike
empirical and theoretical models, RT does not come with simple closed-form
formulas but is rather based on ray optics, which solves Maxwell’s equations
under high-frequency approximation in a fast and memory-efficient manner.
During recent years, RT has evolved and turned into a popular propagation
modeling tool for obtaining deterministic, site-specific channel models [184],
[185], [186] that can provide estimates of path loss, angle of arrival/departure,
and time delays. For instance, assuming that the complex channel gains (βn)
and angles of departure (θT

n ) and arrival (θR
n ) for NA significant paths be-

tween an NT -element TX array and NR-element RX array are provided by
a ray-tracer, Wallace and Jensen [170] formulated a simple two-dimensional
(azimuthal plane at a fixed ϕ) single-polarization path-based channel model
for a MIMO communication system as follows:
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V R
i =

NT∑
j=1

NA∑
n=1

ER
i (θR

n ) βn eT
j (θT

n ) IT
j (3.16)

where V R
i is the voltage on the ith receive element, ER

i (θR) is the reception
pattern of the ith receive antenna, eT

j (θT ) is the transmitted field per unit
excitation current of the jth transmit antenna in the direction of θT and
IT

j is the transmit excitation current applied at the jth antenna terminal.
As another RT integration example in the link budget calculations, Zhao
et al. [185] expanded Equation (3.16) to a dual-polarized (with vertical •V

and horizontal •H components) MIMO system by formulating the channel
transfer function between TX antenna m and RX antenna n (Hm,n(f)) in a
2D azimuthal plane as follows:

Hm,n(f) =
NA∑
l=1

(
GV

r,n(θR
l ) GH

r,n(θR
l )
)(aV V

l,m,n aV H
l,m,n

aHV
l,m,n aHH

l,m,n

)(
GV

t,m(θT
l )

GH
t,m(θT

l )

)
e−j2πfτl

(3.17)
where GV/H

t/r are vertical/horizontal components of TX/RX complex antenna
gains and al and τl are the complex amplitude and time delay of the plane
wave l, respectively. These earlier studies on RT-based channel modeling
have paved the way for system-level RIS simulations and have recently been
integrated into a hybrid framework for RIS analysis and optimization [187],
[188].

3.5 Beamforming Techniques
To ensure a sufficient link budget, modern cellular systems rely on beamform-
ing to combat path loss and severe shadowing, especially at mmWave range.
Beamforming—the process of shaping and directing electromagnetic waves to
optimize signal quality, coverage, and spectral efficiency—is also central to RIS
functionality. In fact, the primary motivation for RIS beamforming lies in its
ability to dynamically manipulate the wireless environment, thereby enhanc-
ing signal coverage, mitigating interference, and improving energy and spec-
tral efficiency. For instance, codebook-based beamforming strategies, which
utilize predefined sets of beam patterns or transformation matrices, allow for
fast adaptation and reduced computational overhead in practical deployments
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(a) (b)

Figure 3.6: Illustrations of a SISO RIS-assisted scenario used for (a) link budget
calculation and (b) end-to-end channel modeling (Figures are taken
and reprinted from [182] and [183]).

[189], [190]. These methods are especially useful in scenarios with quantized
phase shifts or massive RIS arrays, where exhaustive optimization is infeasible
[190].

In addition to codebook-based strategies, a rich landscape of RIS beam-
forming techniques has been proposed in the literature, among which the
generalized law of reflection (GLR) [43] and holographic beamforming [191]
stand out. The underlying formulation behind these two techniques under
plane wave (PW) illumination in far-field is quite similar and can be cast into
the same framework of generalized Snell’s law as depicted in Figure 3.7 and
elaborated briefly upon in the following subsections.

Generalized Law of Reflection
Unlike conventional relay or massive MIMO systems, RIS can operate with
minimal power consumption and hardware complexity, leveraging passive or
semi-passive elements to control the phase, amplitude, and polarization of
incident electromagnetic waves. These elements allow for phase profile engi-
neering on RIS surfaces and hence lead to the idea of reconfigurability and
beamsteering. As a generalization of Snell’s law, GLR is one of the popu-
lar RIS beamforming techniques first introduced in the optics community to
incorporate surface phase profile at a given interface between two media, as
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(a) (b) (c)

Figure 3.7: Beamforming techniques under PW illumination. (a) The general con-
cept behind the non-specular reflection from an anomalous reflector
with a prescribed linear phase progression dϕ/dx along the x-axis.
(b) and (c) Representative examples of column-wise beamforming for
a panel consisting of 10 columns and an 8-state phase discretization
scheme ±45◦ to reflect and steer a normal incident PW away from the
broadside and onto ∓30◦ under GLR and Holographic beamforming
techniques, respectively.

depicted in Figure 3.7(a). Considering a time-harmonic case with its positive
time convention ejωt suppressed, GLR reads:

sin θi − sin θr = λ0
2π

dφ
dx (3.18)

where dφ/dx is a surface phase gradient along the x-axis, λ0 is the free-
space wavelength, and θi, θr are the incident and reflected angles, respec-
tively. If there is no phase progression along the surface, i.e. dφ = 0,
then Equation (3.18) reduces to the familiar Snell’s law of reflection which
indicates a specular reflection with θr = θi. Non-specular reflections with
dφ/dx = const. ̸= 0, on the other hand, can be interpreted as two distinct
PW contributions as follows:

dφ = k0dx sin θi − k0dx sin θr (3.19)

where the first term k0dx sin θi is there to steer an interim beam to the broad-
side by compensating for the phase differences induced among cells due to
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incident PW illumination, while the second term k0dx sin θr is responsible for
steering this interim beam away from the broadside and onto the final desired
beam direction of θr. As a simple example, let us consider Figure 3.7(b) in
which a 10-column RIS panel with the column width of ∆x = λ0/4 has a 3-bit
(8 states) discretized phase step of ∆φ = +45◦. Under these operating condi-
tions, the panel will reflect a normally incident PW (θi = 0) to the reflection
angle of −30◦, i.e.

0 − sin θr = λ0
2π

π/4
λ0/4

⇒ θr = arcsin(−1
2) = −30◦.

This is a typical analysis case which is the opposite process to its corresponding
synthesis task where a designer is asked to come up with a proper phase profile
(∆φ) given the information about θi, θr and perhaps ∆x/λ0.

Holographic Beamforming
Holographic beamforming leverages the principles of electromagnetic holog-
raphy to engineer complex aperture responses on RIS or metasurfaces [192].
By recording and reconstructing the interference patterns of reference ψref

and object ψobj waves, holographic RIS can form highly directive beams, fo-
cus energy at specific locations, and support multi-beam transmission. This
approach is particularly promising for near-field communications, integrated
sensing, and wave-domain analog computing, where conventional phased-array
methods are insufficient [193]. Detailed explanation about the technique can
be found in Book Chapter C and references therein and therefore will not
be repeated here. It is, however, beneficial to cast the technique into the
generalized Snell’s framework of Figure 3.7 under PW illumination to see the
similarities between the two beamforming techniques discussed in this section.

Let ψref be the dominant electric field component of a linearly polarized
incident PW and similarly ψobj be the dominant electric field component of
the reflected waveform in the desired direction θr. From engineering electro-
magnetic textbooks, one can express ψref ∝ e−jki·r and ψobj ∝ e−jkr·r with
the symbol ∝ denoting proportionality, ki = k0[sin θix̂ − cos θiẑ], and kr =
k0[sin θrx̂+cos θr ẑ]. From the holographic recording and reconstruction stages
discussed in Book Chapter C, we know that the recorded hologram should be in
the form of ψ∗

refψobj so that upon illumination with ψref , the synthesized holo-
gram reproduces a replica (scaled version) of the ψobj , i.e. ψref (ψ∗

refψobj) =
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|ψref |2ψobj . Now given the above PW proportionalities in the far-field, one
can easily show that ψ∗

refψobj ∝ e+jk0[x sin θi−z cos θi]e−jk0[x sin θr+z cos θr]. Fi-
nally, phase matching condition on the hologram’s surface dictates that the
phase of the tangential waves (surface waves along x̂ direction in this example)
be equal as follows:

∠Hologram|tan = φ = k0x[sin θi − sin θr] (3.20)

which is another interpretation of GLR in Equation (3.18) and can be rephrased
to the same form of sin θi − sin θr = dφ/k0dx. As an example, Figure 3.7(c)
shows the same panel under normal incident PW illumination as in the GLR
example but for a beamforming case with a negative phase slope of −45◦

leading to the reflection angle of +30◦.

3.6 Illustrative Examples
Summarizing the most salient features of Paper D, this short section tends to
provide pragmatic examples for some of the algorithms listed in infographic 3.4
from UC characterization under PBC and AF-based pattern synthesis to local
network analysis and Macromodeling applied to coding metasurfaces.

Modified Unit Cell Structure
As discussed earlier, the conventional design approach for periodic and quasi
periodic structures is to focus on a single cell analyzed under periodic bound-
ary conditions. In this framework, the unit cell (UC) is assumed to reside
within an infinite array of identical meta-atoms, all operating in the same
state. As the name implies, unit cells form the fundamental building blocks of
RIS panels. A metasurface panel is essentially an arrangement of these UCs
in an array configuration tailored to a specific application. Consequently, the
overall behavior of the panel is governed not only by the collective interactions
among its constituent cells but also by the intrinsic characteristics inherited
from the UC design itself. Developing a new UC design was not pursued in
this study, as such an effort constitutes a broad research topic on its own and
requires extensive analysis supported by substantial design experience and
intuition. Instead, a comprehensive literature survey was conducted to pick
up a design that properly serves the intended application by exhibiting stable
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(a) (b)

Figure 3.8: Adopted Unit Cell: (a) the original design taken and reprinted from
[194] (b) its modified version employed in this study.

characteristics for wireless communication links at the sub-6 GHz frequency
range.

The design proposed by Liang et al. [194] and depicted in Figure 3.8(a)
was a promising candidate because it not only provides an almost full range
of continuous phase control (∼ 330◦), but its utilization of via fences makes
the design angle-insensitive to a good extent. The design parameters are,
therefore, exactly the same as those adopted from the original study and are
not repeated here for the sake of brevity. To further improve the angular
robustness of the meta-atoms, the original design was, however, slightly mod-
ified by extending the metallic via fences around the entire perimeter, thereby
fully enclosing the UC. The modified design, shown in Figure 3.8(b), has its
resonance frequency shifted downward to 3.1 GHz compared to 3.15 GHz of
the original design and at the same time enables the possibility of applying
the domain decomposition technique [195] to model the UC as an open cavity
as outlined in Chapter 4.

Figure 3.9 presents the EC analysis of the original design performed in
ADS®. As can be seen from the typical ‘S-curve’ behavior of its reflection
coefficient (Γ) under different Varactor loadings in the range of [0.6, 1.5] pF,
the UC exhibits a relatively narrow resonance frequency bandwidth centered
around 3.15 GHz with a reasonable loss of magnitude (< 1 dB) and a wide
phase change coverage ([−180◦, 150◦]). A 3-bit discretization scheme along
with its corresponding 8 capacitor values is also shown in the subplot 3.9(c)
as a function of frequency.
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(a) (b)

(c)

Figure 3.9: Equivalent circuit (EC) analysis of the original design performed in
ADS® with (a) EC schematic showing the varactor as a series RLC
circuit with variable capacitance cv (b) the UC reflection coefficient
response (S11 or equivalently Γ) at 3.15 GHz under different loading
conditions and (c) the |Γ| and ∠Γ as a function of frequency.

A similar parametric sweep analysis was also carried out on the modified
UC design as shown in Figure 3.10. The reflection coefficient response of the
fully caged UC at the center frequency of 3.1 GHz, shown in both Cartesian
and polar formats in the subplots, indicates a Lorentz-like resonance behavior
for varactor values between 1–1.2 pF and an almost full angular response
coverage with a negligible loss of amplitude.

Beamsteering Case Studies
This subsection provides a handful of simulation results to showcase the typical
GLR and holographic beamforming use cases. To start with, the conceptual
GLR beamforming scenario of Figure 3.7(b), dubbed as ‘validation case’ here,
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(a) (b)

Figure 3.10: Modified UC response under different varactor loadings in (a) Carte-
sian and (b) polar formats.

was realized using 100 modified UC elements of Figure 3.8(b) arranged in
a 10 × 10 rectangular grid. Note that although quite close, the lateral size
of the UC in the x-direction is not exactly λ0/4 at the center frequency of
3.1 GHz, and that is the reason why the phase progression depicted in Fig-
ure 3.11(a) is not exactly 45◦. In any case, by using the UC’s look-up table
of Figure 3.10(b), the prescribed phase profile was then mapped to the cor-
responding Varactor capacitances, as reported in Figure 3.11(b). To validate
the beamsteering capability of the panel as well as the accuracy of the beam-
forming synthesis technique, the whole panel with these modulated Cv values
was simulated under PW illumination using the frequency domain (FD) solver
of CST, whose proper mesh setting and convergence are thoroughly discussed
in Paper D. As can be seen from Figure 3.11(d), the main beam of the panel
under this column-wise Varactor configuration and GLR beamforming points
to −27.5◦ instead of the desired −30◦ set as the ultimate goal at the begin-
ning of the synthesis problem. This small discrepancy can be attributed to all
the approximations made through PBC and the look-up table beamforming
procedure discussed earlier in this chapter.

Two more representative examples of the same 10 × 10 panel, beamformed
to accommodate different purposes, are presented in Figure 3.12. Shown in
the first subplot is the reciprocal scenario to the aforementioned validation
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(a) (b)

(c) (d)

Figure 3.11: Beamforming results of a 10 × 10 RIS panel composed of the modi-
fied unit cell from Figure 3.8(b). (a) Column-wise phase profile for
the validation case (normal to −30◦ scenario of subplot 3.7(b)) syn-
thesized using GLR. (b) Corresponding varactor values mapped from
the prescribed phase profile using the lookup table of Figure 3.10(b).
(c) and (d) CST full wave simulation results of the panel’s scattering
pattern in 3D and in the 2D E-plane cut, respectively.

case where the incident and desired angles are now swapped. As can be seen,
the incoming wave from −30◦ azimuthal angle is reflected in a direction per-
pendicular to the panel and hence towards the broadside, which confirms the
angular reciprocity for this case. The second subplot is to showcase a niche ap-
plication of the retro-reflection concept widely adopted in Van Atta arrays for
backscatter communications and/or integrated sensing and communications
(ISAC) [196]. As can be seen from the CST simulation result, the beamformed
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(a) (b)

Figure 3.12: Beamforming case studies under GLR for (a) Angular reciprocity of
the validation case and (b) Retro-reflection.

panel (whose beamforming details, such as phase profile and varactor values
for this case, are spared and not reported for the sake of brevity) is also suc-
cessful in producing a retro-directive response by sending energy back toward
the incident PW direction.

When it comes to holographic beamforming, a ‘frozen’ patch model at 10
GHz borrowed from [197] is simulated and reported in Book Chapter C for a
simple SISO beamforming scenario, details of which will not be repeated here.
Interested readers should consult these references for more information about
the UC geometric dimensions and its look-up table. To complement this topic,
however, a SIMO scenario is considered here, where the patch-based panel is
illuminated by a single horn antenna from its broadside and beamformed to
serve two users at different elevational angles of 20◦ and 50◦ in the 45◦ az-
imuthal plane. The size of the panel’s constituent patches is varied to form the
phase profile of the hologram needed to reflect and split a single normally inci-
dent beam (ψref ) into ψobj1 at (20◦, 45◦) and ψobj2 at (50◦, 225◦) directions
as depicted in Figure 3.13. Note that the recorded hologram in this case needs
to account for the superposition of these two object waves and hence reads:
ψ∗

ref (ψobj1 + ψobj2). The simulation result in the 45◦-plane of Figure 3.13(b)
shows that most of the reflected energy is successfully guided toward the tar-
get directions, although the reflected beam is not split evenly and the power
distribution ratio between these two branches needs to be further engineered
as well. As stated, these examples were for frozen patch-based holograms; for
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(a) (b)

Figure 3.13: Holographic SIMO Beamforming with the desired reflection angles of
(θ, φ) = (20◦, 45◦) and (50◦, 225◦), and the scattering pattern of
the synthesized frozen panel shown in (a) 3D (with the phase profile
of the recorded hologram included in the inset) and (b) 2D 45◦-plane
cut.

holographic beamforming of a non-frozen (reconfigurable) panel, readers are
referred to the Varactor-based SISO example reported in Paper D.

MM on Coding Metasurfaces
The ‘coding metasurface’ paradigm, introduced by Cui et al. [198] in 2014,
forges a direct connection between metasurface engineering and information
science, enabling metasurfaces to be treated as digitally addressable platforms
rather than purely analog materials. In lieu of describing material properties
continuously, this approach encodes local geometry, constitutive parameters,
and electromagnetic responses (phase, amplitude, polarization) into discrete
symbols—commonly binary digits—so that metasurface behavior can be rep-
resented and manipulated using digital sequences.

A crucial consequence of this digital representation is that metasurfaces
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can leverage many tools and algorithms from digital signal processing, open-
ing design possibilities that were previously confined to electronic and software
domains. Practical implementations often incorporate switching elements (for
example, diodes) into each meta-atom; these components allow individual ele-
ments to toggle among a set of discrete states, thereby making the metasurface
reconfigurable or even programmable. When such switching is combined with
time-varying control, the platform can realize advanced space–time coding
schemes that jointly shape spatial and spectral field properties [158].

Despite their discretized nature, coding metasurfaces have demonstrated
powerful field-shaping capabilities in practice, enabling functions such as multi-
beam modulation [199], holography [200], [201], and orbital angular momen-
tum (OAM) beam coding [202]. A simple illustrative encoding maps binary
digits to phase states—for instance, “0” and “1” may correspond to phase
shifts of 0◦ and 180◦, respectively—yet far richer behaviors become possi-
ble when multiple states, dynamic modulation, and algorithmic control are
employed.

To wrap up this brief discussion on coding metasurfaces, two representative
examples are simulated in CST and their results are compared against Macro-
modeling. Figure 3.14 shows the simulation results under normal illumination
of two coding metasurfaces, which are rectangular 10×16 Varactor-based pan-
els with the following two coding sequences (CS), CS1 : “0000222244446666”
and CS2 : “0022446600224466” as shown in the insets of their corresponding
plots. Note that 0, 2, 4, and 6 are the four discrete coding states corre-
sponding to reflection phases of 0◦, 122◦, 165◦, and 265◦, respectively. MM
was also applied to predict the scattering patterns of the panels and shows
good agreement with FW results, especially when it comes to main beam
predictions.
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(a) Coding Sequence 1
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(b) Coding Sequence 1

(c) Coding Sequence 2
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(d) Coding Sequence 2

Figure 3.14: Two representative examples of coding metasurfaces for beamsteer-
ing away from broadside and onto negative elevation angles in the
X-Z plane. (a) and (c) 3D patterns of the coding sequences 1 and
2, respectively, simulated and exported from CST. (b) and (d) 2D
cut comparisons between full-wave and MM scattering pattern pre-
dictions for the two sequences.
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CHAPTER 4

SEM: Domain Decomposition Method for RIS Analysis

Quasi-periodic structures have attracted considerable interest for applications
such as reflectarrays (RAs), holographic leaky-wave antennas, and RISs, as
noted in the previous chapter. Embedding full-wave solvers directly into the
design and optimization loop for these architectures remains challenging, how-
ever, because their multi-scale nature and the large element counts typical of
array implementations lead to prohibitive computational cost. To manage
this complexity, design practice has historically relied on simplifying approx-
imations. Early work treated elements in isolation, neglecting interactions
with neighbors [203], [204], while later approaches adopted periodic boundary
condition (PBC) models that assume an infinite lattice of identical elements
[47], [205], [206]. Although PBC-based methods improve on isolated-element
models, they still fail to capture important quasi-periodic phenomena such as
the non-negligible mutual coupling between adjacent elements. This has mo-
tivated recent studies to further investigate the quantification of design errors
introduced by these effects.

At the same time, the long continuum of efforts for the development of
efficient computational electromagnetic (CEM) tools has paved the way for
researchers to further conduct error quantization studies on quasi-periodic ef-
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fects. In this spirit, the present chapter supplies the mathematical foundations
and numerical tools underlying the CEM-based method introduced in Paper
E. The method (a) quantifies the impact of over-the-air mutual coupling on
scattering-pattern predictions for an open-cavity RIS panel and (b) bench-
marks those predictions against the macromodeling approach described in
Section 3.4. The proposed technique separates interior cavity domains from
the exterior radiation region and employs a domain-decomposition method
(DDM) [195], [207] to couple a commercial full-wave solver (CST Microwave
Studio Suite®) for the internal regions with an in-house method-of-moments
(MoM) solver for the external field computation. The resulting hybrid scheme
is referred to throughout the chapter as H-DDM.

4.1 Mathematical Background
This section serves as a short summary of the principal relations and mathe-
matical notation used throughout the chapter and in Paper E. Throughout the
chapter, r′ denotes a point in the source domain. Moreover, the wavenumber
and intrinsic impedance of a medium with material constitutive parameters
of (ε, µ) are represented by k = ω

√
µε and η =

√
µ/ε, respectively.

Integro-Differential Formulation of EM Fields
In any region of space for which E and H are differentiable, the EM fields
satisfy Maxwell’s curl equations as follows:

∇ × E = −jωµH − M (4.1a)

∇ × H = jωϵE + J (4.1b)

where J and M are electric and magnetic current densities, respectively. The
common practice for solving wave equations is to express the EM fields in
terms of auxiliary potential functions A and F by separating integral opera-
tors from differential operators as shown and labeled as ‘Path 2’ in Figure 4.1.
While this two-step procedure often simplifies the solution of most problems,
the one-step formulation of Figure 4.1 labeled as ‘Path 1’ is most convenient
for aperture problems and hence adopted here. Note that the factor e−jkR

4πR in
the figure’s formulation is the free-space Green’s function G(r − r′), where
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Figure 4.1: Block diagram of radiated EM field computations from electric and
magnetic sources (the inspiration and formulations come from [175]).

R = |r−r′| with r and r′ being the position vectors to observation and source
points, respectively.

For the surface integral operations which are to be performed in the rest
of the chapter on surface current distributions (Js, Ms) over an aperture S
with a normal unit vector n̂, it is favorable to put the direct formulation of
‘Path 1’ into a compact operator notation as follows:

E = E(Js) + E(Ms) and H = H(Js) + H(Ms) (4.2)

with

E(Js) = L(Js), H(Ms) = 1
η2 L(Ms) (4.3)

and

E(Ms) = −K(Ms) + 1
2 n̂ × Ms, H(Js) = K(Js) − 1

2 n̂ × Js (4.4)

where the operators K and L on any given input kernel X are defined as the
following integro-differential operators [208]:
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K(Xs) =
∫

S

Xs(r′) × ∇′G(r − r′)dS′, (4.5a)

L(X) = −jωµ
∫

S

Xs(r′)G(r − r′)dS′

+ 1
jωε

∇
∫

S

∇′ · X(r′)G(r − r′)dS′. (4.5b)

Furthermore, the scalar Green’s function for a homogeneous medium is

G(r − r′) = e−jk|r−r′|

4π|r − r′|
= e−jkR

4πR . (4.6)

The above formulation would not be complete without mentioning a set of
proper boundary conditions (BCs) for it. Considering S as a surface between
two regions, a and b as depicted in Figure 4.2(a) with its normal unit vector n̂

pointing into region a, the set of boundary conditions for the electric surface
current (Js) and magnetic surface current (Ms) on S can be written as:

Js = n̂ × (Ha − Hb), Ms = (Ea − Eb) × n̂. (4.7)

Equivalence Theorem
Huygens’ principle states that every point on a primary wavefront can be con-
sidered as a secondary source emitting spherical waves, and thus a secondary
wavefront can be constructed as the envelope of these secondary spherical
waves. As a formal, rigorous extension of Huygens’ idea, Schelkunoff intro-
duced the concept of field equivalence in 1936. The equivalence principle
builds upon the uniqueness theorem which allows for the construction of EM
field solutions inside a region solely from the tangential field components spec-
ified on that region’s boundary [175]. This property is useful for decomposing
a complex scattering problem into smaller subproblems, each tied to a distinct
spatial region. Under this regime, the coupling between regions is enforced
by prescribing the tangential fields on their shared interfaces. For practical
implementation, those tangential boundary fields are interpreted as equivalent
sources that reproduce the same external field [176].

Depending on use cases, the equivalent model can be constructed differ-
ently to serve a specific family of applications. For instance, Love’s theorem is
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(a) Tangential BCs (b) Love’s Theorem

Figure 4.2: EM theorems and principles. (a) A boundary surface S between regions
a and b. (b) Free-space equivalent of a field problem (single-headed
arrows denote electric current while double-headed arrows represent
magnetic current; subscripts s and t stand for surface quantity and
tangential component, respectively).

well suited to aperture problems such as horn and reflector antennas. Love’s
equivalence principle of Figure 4.2(b) produces a null field within the imagi-
nary surface S. In other words, the current densities are selected so that the
fields inside the closed surface are zero and outside they are equal to the radia-
tion produced by the actual sources. For convenience and numerical efficiency,
the enclosing surface is often chosen to coincide largely with conducting parts
of the structure. This is preferred because the vanishing of the tangential
electric field components over the conducting parts of the surface reduces the
physical limits of integration.

Method of Moment
As stated in the previous subsection, equivalent sources can be used to formu-
late field problems. To determine these equivalent sources, integral equations
need to be solved which are a direct result of enforcing field continuities across
the boundaries of the original problem, i.e. at the locations where we want
to introduce the equivalent sources. Among numerous CEM techniques, the
method of moments (MoM) [209], [210] is a convenient choice for solving such
integrals and has been intensively investigated in the literature. To summa-
rize the key points of the method, let us follow the procedure in [176] by
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considering a simple MoM formulation here based on the electric field integral
equation (EFIE) enforced onto a PEC surface S as follows:

Ei
t(r) + Es

t (r) = 0, r ∈ rs (4.8)

which states that the tangential component of the total field (summation of the
incident field Ei and the scattered field Es) is zero on the PEC surface S. The
quantity Ei(r) is a known incident field, and using EFIE, the scattered electric
field can be expressed in terms of an unknown induced current distribution
(J(r′)) on S as:

Es(r) =
∫

S′
J(r′) · G(r, r′)ds′ (4.9)

where G is the dyadic Green’s function of the field problem.
The ultimate goal of solving Equation (4.9) is to determine J(r′) which

can be expanded in M basis functions Bm(r′) as J(r′) =
∑M

m=1 ImBm(r′),
where Ims are unknown coefficients to be determined. Different types, includ-
ing entire or sub-domain basis functions, can be selected but it is important
to keep in mind that a judicious selection of basis functions, depending on
how well they can represent the major physical characteristics of the current
distribution of the problem at hand, can make the convergence of MoM so-
lutions faster and more straightforward. Inserting J(r′) into Equation (4.9)
and enforcing the BC of Equation (4.8), we get

Ei
t(r) +

M∑
m=1

ImEBm
t (r) = 0; EBm(r) =

∫
S′

Bm(r′) · G(r, r′)ds′. (4.10)

Next, similar to the discussion on the variational method briefly covered
before in Section 2.5, a weighted average of the boundary condition needs
to be constructed. To this end, a set of N weighting (aka testing) functions
Wn(rs) is introduced, and according to Galerkin’s weighted residual method,
is set equal to the basis functions, i.e. Wn(rs) = Bn(rs). Multiplying both
sides of Equation (4.10) by N weighting functions leads to a set of N linear
equations to determine the M unknown expansion coefficients Ims. Since a
unique solution for all Ims is desirable, one needs to set N = M to obtain the
following typical formula
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M∑
m=1

ImZmn = Vn, for n = 1, 2, · · · , N (4.11)

with

Zmn = ⟨EBm ,Wn⟩ =
∫

S

EBm(rs) · Wn(rs)ds, (4.12a)

Vn = −⟨Ei,Wn⟩ = −
∫

S

Ei(rs) · Wn(rs)ds. (4.12b)

In this case, Zmn is known as the reaction integral with the symmetric product
operation defined as ⟨a, b⟩ =

∫
a · bds.

Method of moments gives acceptable and accurate results for most cases,
and for this reason, it is often used as a ‘benchmark’ for other approximate
numerical methods. However, whenever Bm(r′) and Wn(rs) overlap in Zmm

calculation (i.e. in self-impedance calculation for each basis function Bm), a
problem known as source point singularities may arise because Green’s func-
tion becomes singular when the field point rs and the source point r′ coincide.
Moreover, getting uniform convergence in MoM solutions, when M increases,
may sometimes face difficulty due to some numerical instability such as the
presence of structural resonances which then give rise to spurious or even
erroneous results at specific frequencies.

The problem of hyper-singularity, which occurs in self-impedance calcula-
tion of the EFIE-based MoM formulation discussed above, can be alleviated by
using the mixed potential integral equation (MPIE) approach [211], where the
electric field at the surface boundary is represented by both vector and scalar
potentials. This way, the resulting integrals of the MPIE self-impedances
contain singularities of order one, which is easier to handle. Crucial to the
formulation is the utilization of a special set of sub-domain basis functions
which yield a current representation free of line or point charges at the sub-
domain boundaries. In other words, MPIE decomposition necessitates that
the vector basis/weight function be ‘div-conforming’, meaning that its di-
vergence tends to zero at the line-boundary of each sub-domain. The most
used div-conforming basis functions in the MoM context are the so-called
Rao-Wilton-Glisson (RWG) basis functions [212], which are defined on pairs
(doublets) of adjacent triangular patches and thanks to their triangular shape
are conformal to any kind of curved surfaces.
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4.2 DDM & Generalized Admittance Approach
Following a similar procedure in the original study of Harrington [207], a
general formulation for a two-region aperture is considered in this section.
The formulation begins by expressing the problem as an operator equation
involving an unknown equivalent magnetic current. Applying the method
of moments then converts this operator form into a corresponding matrix
system. In this framework, interaction between regions occurs solely through
the aperture, whose behavior is characterized by region-specific admittance
matrices. The general problem of aperture coupling between two regions,
labeled a and b, is represented in Figure 4.3(a). In region b, there are impressed
sources J i, M i, and region a is assumed source-free. Region b is shown to
be bounded by an electric conductor, while region a is assumed to be open to
infinity.

Domain decomposition method (DDM) utilizes the equivalence principle in
order to split the problem into two equivalent parts as shown in Figure 4.3(b).
In region b, the field is produced by the sources J i, M i, plus the equivalent
magnetic current M = n × E over the aperture region, with the aperture
covered by an electric conductor. The field, in region a, is produced by the
equivalent magnetic current −M over the aperture region, while the aperture
is covered by an electric conductor. This way, the continuity of the tangential
component of the electric field across the aperture is guaranteed by the fact
that the equivalent current in region a is the negative of that in region b. The
remaining boundary condition to be applied is to ensure that the tangential
component of the magnetic field remains continuous across the aperture. In
mathematical terms, the tangential component of magnetic fields in region
a (Ha

t ) and region b (Hb
t ) must be set equal to one another, where Hb

t =
Hi

t +Hb
t (M) is due to the presence of the impressed sources and the equivalent

source in region b whereas the only source in region a is −M producing Ha
t =

Ha
t (−M), which can also be written as Ha

t = −Ha
t (M) due to linearity of

the Ha
t operator. Enforcing continuity of magnetic fields across the aperture

therefore results in

−Ha
t (M) − Hb

t (M) = Hi
t (4.13)

which is the basic operator equation for determining the equivalent magnetic
current M .
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4.2 DDM & Generalized Admittance Approach

(a) (b)

Figure 4.3: The general problem of two regions coupled through an aperture. (a)
The original problem and (b) its equivalent problems resulting from
the application of DDM, thus dividing the original problem into two.
(Figures are taken and reprinted from [207])

The exact solution to Equation (4.13) can be obtained only for a handful
of canonical problems. However, to extend the applicability of the DDM
approach to any given problem, a numerical technique such as MoM can be
employed to obtain an approximate solution as follows. Through expanding
M in terms of a set of basis functions {mn}N

n=1, i.e. M =
∑N

n=1 Vnmn,
where the coefficients Vn are to be determined, and using the linearity of the
Ht operators, one can rewrite Equation (4.13) as

−
N∑

n=1
VnHa

t (mn) −
N∑

n=1
VnHb

t (mn) = Hi
t . (4.14)

Next, using the same set of basis function as the testing function (Galerkin
balancing method) {Wm = mm}N

m=1 and taking the symmetric product of
Equation (4.14) with each testing function mm, we obtain

−
N∑

n=1
Vn⟨mm ,Ha

t (mn)⟩ −
N∑

n=1
Vn⟨mm ,Hb

t (mn)⟩

= ⟨mm ,Hi
t⟩, for m = 1, · · · , N. (4.15)

As can be seen, this method leads to a set of N linear equations whose so-
lution determines the coefficients V = [V1, V2, · · · , VN ]T and consequently
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Chapter 4 SEM: Domain Decomposition Method for RIS Analysis

M in the end. Once M is known, the fields and field-related parameters of
the original problem can be computed by standard methods. Moreover, by
defining

⟨−mm,H
a
t (mn)⟩ = Y a

mn, and ⟨−mm,H
b
t (mn)⟩ = Y b

mn (4.16)

as aperture admittances for regions a and b, and ⟨mm,H
i
t⟩ = Ii

m for the
excitation term, we can rewrite Equation (4.15) as

N∑
n=1

VnY
a

mn +
N∑

n=1
VnY

b
mn = Ii

m, for m = 1, · · · , N (4.17)

or in the compact matrix notation form of

[
Ya + Yb

]
V = Ii (4.18)

where Ii =
[
Ii

1, I
i
2, · · · , Ii

N

]T . Note that the minus signs are introduced
in the abovementioned definition of admittances to make sure that the real
parts of admittances are positive when Wn = mn. As shown, the aperture
coupling is ultimately expressible as the sum of the two independent aperture
admittance matrices, with source terms related to the incident magnetic field.
Equation (4.18) can be interpreted in the framework of a generalized network
as two networks Ya and Yb in parallel with Ii, whose resultant solution is
equivalent to an N -term variational solution to Equation (4.13).

Multi-Scale EM Surface Analyzer
This section first revamps the original two-region DDM formulation of Har-
rington discussed previously and revisited here in sub-figure 4.4(a). It then
proceeds to expand the concept to a K-aperture problem of an open-cavity-
based RIS panel, and finally, the section concludes by introducing a novel
hybrid DDM (H-DDM) framework illustrated in sub-figure 4.4(b), complete
treatment of which can be found in Paper E.

Unlike Harrington’s original MFIE formulation [207], [213] which is based
on PEC equivalence and hence deals only with the surface magnetic current
Ms, free-space equivalence, aka Love’s theorem, of Section 4.1 is employed
here which leads to dealing with both MFIE and EFIE equations associated
with magnetic as well as electric surface current densities Ms and Ja

s , Jb
s ,
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4.2 DDM & Generalized Admittance Approach

(a) (b)

Figure 4.4: The basic idea behind H-DDM (a) at the UC level for a 2-region prob-
lem and (b) at the RIS panel level with K tunable apertures.

as shown in Figure 4.4(a). Note that the normal unit vectors to the aperture
surface Sap for two equivalent internal (labeled as b) and external (labeled
as a) regions are set to point in opposite directions in the figure. In other
words, n̂a = −n̂b and since the tangential electric field component across
the surface should remain continuous, i.e. Ea

t = Eb
t where Ea

t = n̂a × Ma
s

and Eb
t = n̂b × M b

s , then one can conclude that n̂a × Ma
s = −n̂a × M b

s

which results in the single magnetic current Ma
s = −M b

s = Ms. The interior
electric surface current Jb

s is, however, different from the exterior electric
surface current Ja

s as emphasized in the figure.
The MFIE formulation, whose complete treatment can be found in [195],

begins by enforcing continuity of tangential magnetic fields across the aper-
ture as Ha

t = Hb
t in which Ha has three contributors of firstly the form

of impressed impinging wave from region a denoted as Ha,i, secondly the
form of magnetic field radiated by magnetic surface current Ms denoted as
Ha(Ms), and thirdly the form of magnetic field radiated by electric surface
current in region a denoted as Ha(Ja

s ). Note that Hb can be interpreted
and constructed in a similar fashion just by replacing superscript a with b and
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Chapter 4 SEM: Domain Decomposition Method for RIS Analysis

that the compact operator formulas for them are those provided in Section 4.1
through Equations (4.3) and (4.4). Therefore, we have

[
Ha,i + Ha(Ms) + Ha(Ja

s )
]

tan =
[
Hb,i + Hb(−Ms) + Hb(Jb

s )
]

tan ,[
Ha(Ms) + Hb(Ms)

]
tan +

[
Ha(Ja

s ) − Hb(Jb
s )
]

tan =
[
Hb,i − Ha,i

]
tan
(4.19)

which is the exact MFIE equation at the aperture and can be cast into the
framework of MoM and Galerkin weighted residual approach by expanding
the surface currents in terms of RWG basis functions {mn, ia

n, ib
n} as follows

Ms(r) =
Ne∑

n=1
Vnmn(r), for r ∈ Sap (4.20)

Ja
s (r) =

Na
e∑

n=1
Ia

nia
n(r), Jb

s (r) =
Nb

e∑
n=1

Ib
nib

n(r) (4.21)

where Ne is the number of expanding sub-domain basis functions for Ms

and V = [V1, V2, · · · , VNe
]T is the vector of unknown coefficients to be de-

termined as the ultimate goal of solving the DDM equations while Ia =
[Ia

1 , I
a
2 , · · · , Ia

Na
e

]T and Ib = [Ib
1, I

b
2, · · · , Ib

Nb
e
]T are dependent variables (as will

become more evident further below) and can be conveniently found once V is
solved for. Testing Equation (4.19) by the basis functions {−mm} and using
the symmetric product of reaction integrals leads to the following formulation:

⟨−mm,H
a
t (Ms) + Hb

t (Ms)⟩ + ⟨−mm,H
a
t (Ja

s ) − Hb
t (Jb

s )⟩ =

⟨−mm,H
b,i
t ⟩ − ⟨−mm,H

a,i
t ⟩, m = 1, 2, · · · , Ne (4.22)

Using linearity of the operators and the definition of aperture admittances
(according to Equation (4.16)), we obtain

Ne∑
n=1

[
Y a

mn + Y b
mn

]
Vn +

Nb
e∑

n=1
Cb

mnI
b
n −

Na
e∑

n=1
Ca

mnI
a
n = Ia,i

m − Ib,i
m , m = 1, 2, · · · , Ne

(4.23)
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where

Ca,b
mn = ⟨mm,H

a,b
t (ia,b

n )⟩

Ia,i
m = ⟨mm,H

a,i
t ⟩, Ib,i

m = ⟨mm,H
b,i
t ⟩.

(4.24)

This Ne set of linear equations can be conveniently represented in the com-
pact form of vector-matrix multiplication by rewriting Equation (4.23) as

[
Ya + Yb

]
V + CbIb − CaIa = Ia,i − Ib,i. (4.25)

As stated before, the ultimate goal is to find Ms of which V is an Ne-term
variational approximate solution. In fact, Ia and Ib are intermediate, depen-
dent variables and can therefore be found in terms of V by enforcing the
second set of boundary conditions, i.e. ensuring electric field continuity as
follows:

Ea
t = n̂a × Ms = −n̂b × Ms = Eb

t (4.26)

which results in the two following EFIE equations

[
Ea,i + Ea(Ms) + Ea(Ja

s )
]

tan = n̂a × Ms, (4.27)[
Eb,i − Eb(Ms) + Eb(Jb

s )
]

tan = −n̂b × Ms. (4.28)

Following a similar Galerkin procedure by testing with {ia,b
m } and expansions

to basis functions as before, the discretized version of the EFIEs read:

Na
e∑

n=1
Za

mnI
a
n =

Ne∑
n=1

Da
mnVn + V a,i

m , for m = 1, 2, · · · , Na
e (4.29)

Nb
e∑

n=1
Zb

mnI
b
n = −

Ne∑
n=1

Db
mnVn + V b,i

m , for m = 1, 2, · · · , N b
e (4.30)

where

Za,b
mn = −⟨ia,b

m ,Ea,b
t (ia,b

n )⟩, Da,b
mn = ⟨ia,b

m ,Ea,b
t (mn) − n̂a,b × mn⟩ (4.31)

V a,i
m = ⟨ia

m,E
a,i
t ⟩, V b,i

m = ⟨ib
m,E

b,i
t ⟩ (4.32)
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or simply

ZaIa = DaV + Va,i (4.33)
ZbIb = −DbV + Vb,i. (4.34)

By rearranging the above equations, the intermediate variables can now be
expressed in terms of V:

Ia = (Za)−1 (Va,i + DaV
)
, Ib =

(
Zb
)−1 (Vb,i − DbV

)
(4.35)

and finally, the substitution of Ia and Ib back into Equation (4.25) leads to
the final generalized admittance formula as follows:

[
Ya

tot + Yb
tot
]

V = I, (4.36)

where

Ya
tot = Ya − Ca(Za)−1Da (4.37a)

Yb
tot = Yb − Cb(Zb)−1Db (4.37b)

I =
[
Ia,i + Ca(Za)−1Va,i

]
−
[
Ib,i + Cb(Zb)−1Vb,i

]
. (4.37c)

Once V is known from solving Equation (4.36), one can find the magnetic
surface current distribution through RWG basis function expansion of Equa-
tion (4.20) as well as the electric surface current distributions using Equa-
tion (4.35) in conjunction with Equation (4.21). Having Ms and Ja

s at hand,
the scattered field from the panel in region a can then be easily calculated as
Ea(Ms) + Ea(Ja

s ) using the operator relations in Equations (4.3) and (4.4).
Armed with the developed methodology above, the extension of the two-

region method of Figure 4.4(a) to a K-aperture panel is straightforward at
this point, as illustrated in Figure 4.4(b). This is accomplished by stack-
ing internal admittances per aperture into a block-diagonal matrix for the
interior regions because the cells are isolated at the substrate level due to
the presence of metallic walls. In contrast, the external Ya

tot is a fully popu-
lated matrix accounting for all over-the-air mutual couplings occurring among
the cells. This way, DDM allows for hybridization of different techniques by
separating the highly sensitive internal regions, which are usually in need of
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4.2 DDM & Generalized Admittance Approach

high-density meshes to resolve and capture their resonance nature, from the
external free-space propagation medium that can be efficiently handled by a
fast computational technique with much lower mesh densities. For instance,
FEM-BEM-DDM was recently proposed in the literature [214] for analyzing
static (‘frozen’) metasurfaces, where the finite element method (FEM) was
hired to resolve the internal regions while the external region was handled by
the fast asymptotic boundary element method (BEM).

Along this line, Paper E proposes a hybrid DDM (H-DDM) technique to
handle all sorts of open-cavity-based beamforming panels, including reconfig-
urable ones with sophisticated interior structures and/or lumped components.
To this end and to be able to handle reconfigurability of the dynamic panels –
a feature typically attributed to the presence of such lumped circuit elements
as Varactor or PIN diodes – H-DDM interfaces CST with an in-house devel-
oped MoM-based platform named multi-scale EM surface analyzer (MESA).
For the internal domains, plane wave (PW) characterization using CST is
adopted and that is the reason why two different index numbers, i.e. K and
N , are shown in the schematic circuit representation of Figure 4.4(b) to convey
the message that depending on the operating frequency and the structural fea-
tures of the unit cells, we might need several modes, say Nc, per each aperture
to fully characterize the internal field distribution on Sap through a multi-PW
characterization scheme. Therefore, N in general is bigger than K, having the
relation N = K×Nc provided a uniform Nc-PW characterization is employed
for all the aperture types.

However, only single-PW characterizations are performed in Paper E by
setting N equal to K, which leaves the multi-PW characterization scheme
and its associated SVD post-processing as a future study. For this purpose, a
relatively simple UC structure, called Pin-Waveguide (PinWG), was designed
for the center frequency of 0.85 GHz that could be fully characterized by
only one normally incident PW in CST. Interested readers can find the design
details in Paper E which are not repeated here for the sake of brevity. Once
the PW characterization is complete and the aperture field distributions are
exported from CST, the calculation of Yb per aperture type can be numerically
performed as outlined in the next section. The following numerical step, in
fact, is to replace all analytical calculations for the internal regions, as stated,
e.g., in Equation (4.37b) above.
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Numerical Calculation of Y b in H-DDM
As explained above, field quantities of the internal cavity regions are extracted
from CST simulations in the proposed H-DDM framework. This section ex-
plains how by having aperture field distributions E and H at hand, one can
numerically calculate the aperture input admittance of the internal open cav-
ity structure as follows:

Y b = I

V
= 2P ∗

|V |2
= 1

|V |2

∫
S

[E∗ × H] · n̂ ds. (4.38)

Using vector identities, one can rewrite n̂ · (E∗ × H) = H · (n̂ × E∗) =
−E∗ · (n̂ × H), simplify the last equivalent term by means of BCs at the
aperture’s surface, i.e. n̂ × H = Js, E × n̂ = Ms, and substitute −E∗ · Js

back into the equation as follows

Y b = − 1
|V |2

∫
S

E∗ · Js ds = − 1
|V |2

∫
S

Js · [n̂ × M∗
s ] ds. (4.39)

Finally, expanding the surface currents in terms of N RWG basis functions
{in, mn}N

n=1 as Js(r) =
∑N

n=1 Inin(r) and Ms(r) =
∑N

n=1 Vnmn(r) and
applying Galerkin’s testing procedure using the symmetric product, we obtain

Y b = − 1
|V |2

∫
S

N∑
m=1

Imim ·

[
n̂ ×

N∑
n=1

V ∗
n mn

]
ds (4.40)

which can also be written in the compact vector-matrix multiplication form
Y = − 1

|V |2 IT GV∗ with G as an N × N Gram matrix with elements Gmn =
⟨im, n̂ × mn⟩ =

∫
s
(im · n̂ × mn) ds.

4.3 Mutual Coupling & Subarray Analysis
As discussed earlier, quasi-periodic effects in Reflectarrays and RISs are in
general non-negligible and have thus spurred a lot of interest in the research
community to investigate and even possibly quantify them. For instance,
‘beyond-diagonal RIS’ is a term coined in the wireless communication soci-
ety [215], [216] to refer to a new wave of RIS design methodology which is
mutual coupling (MC) aware. When it comes to practical implementations,
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Figure 4.5: Subarray analysis of a 4×4 panel and the idea behind its Convolutional
gliding window which is set to 3 × 3 in this example to capture the
mutual coupling effects of only the immediate surrounding neighbors.

non-coherent mutual couplings stemming from these quasi-periodic effects typ-
ically manifest themselves in the form of deviations in the measured scattering
patterns of the beamformed panels from their predicted and/or desired beam-
forming goals and objectives. Among a host of different techniques proposed
in the literature to investigate the undesirable impact of MCs, sub-array anal-
ysis [163], [217] stands out.

Along this line, Paper E recasts the formulation of H-DDM into the isolated
element-in-array-pattern (EIAP) framework by diagonalizing Ya

tot matrix in
Figure 4.4(b) to analyze the severity of MC effects. Therefore, 1-element sub-
array analysis was adopted to show over-the-air mutual coupling impacts in
RIS pattern predictions as exemplified through two linear beamforming panels
in the next section. Although not investigated in Paper E for very huge
beamforming panels, other sub-array schemes such as convolutional gliding
windows of different sizes, as shown in Figure 4.5 for a 3 × 3 case, can be
envisaged in future studies to strike a balance between accuracy and run-time
in an optimized version of H-DDM equipped with translational symmetry and
matrix compression.
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(a) 1 × 4 (b) 1 × 4

(c) 1 × 8 (d) 1 × 8

Figure 4.6: PinWG 1D array examples of 1 × 4 and 1 × 8 synthesized to reflect a
normally incident plane wave into +30◦ in the E-plane.

4.4 PinWG: A Representative Example
As a simple example, this short section provides two linear beamforming pan-
els (1 × 4 and 1 × 8) to show the performance of the proposed H-DDM and
compare its FF scattering pattern result against FW CST and Macromodeling
predictions. Over-the-air MC impact on pattern deviation is also considered
in the EIAP framework and the results are reported in Figure 4.6. The Var-
actors in the panels are set to reflect a normally incident PW towards +30◦

elevational angle in the X-Z plane. As can be seen from the plots, the H-DDM
results show the closest agreement to the IE solver of CST, which is served
here as a ‘ground truth’ prediction of the panels’ behavior in the absence of
real measurements. All four techniques are successful in predicting the main
beam direction although their accuracy in sidelobe predictions varies consid-
erably as evident from the 2D cuts. Further results, discussion, and error
quantization for bigger 2D array examples can be found in Paper E.
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CHAPTER 5

Summary of included papers

This chapter provides a summary of the included papers.

5.1 Paper A
Morteza Ghaderi Aram, Hadi Aliakbarian, Hana Dobšíček Trefná
An Ultra-Wideband Compact Design for Hyperthermia: Open Ridged-
Waveguide Antenna
Published in IET Microwaves, Antennas & Propagation,
vol. 16, no. 2, pp. 137–152, Feb. 2022.
© Wiley. DOI: 10.1049/mia2.12226.

The focus of Paper A is to design an element of a phased array applicator,
i.e. the antenna. Antennas are the building block of applicators whose design
and fabrication require special attention to assure an efficient energy transfer.
They are loaded with a patient body located not well into their far-field, and
for an efficient transition of waves, they demand a matching medium, known
as waterbolus. Important features of a good antenna design for hyperthermic
applications are to have a wide frequency band of operation, to be compact
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and robust to environmental noise, to have a sufficient penetration depth, and
to leave a small EMI footprint. To introduce a new and efficient antenna ele-
ment, Paper A proposes a customized antenna design from the double-ridged
horn (DRH) family and names it open ridged-waveguide (ORWG). The design
procedure starts with a scaled version of a well-established DRH design which
is further tailored and optimized to suit the HT applications. The optimized
design is fabricated and its performance is assessed both numerically and ex-
perimentally according to the HT quality assurance guidelines. The proposed
antenna satisfies all the requirements of the HT guidelines for both superfi-
cial and deep hyperthermia. Moreover, the reported results make the design
stand out from the previously proposed models in the field by showing that (a)
the new antenna model has a wide operational bandwidth, with a fractional
bandwidth more than 75% from 400 MHz to 800 MHz (b) the antenna needs
no balun or RF matching network, hence avoiding the stray losses associated
with balun (c) ORWG is an efficient radiator to deposit energy deeply enough
into the body.

M.G.A. contributed to the conceptual development of the study, partic-
ipated in designing the methodology, carried out the formal analysis, per-
formed the measurements, curated the data, and prepared the visualizations.
H.A. was involved in the conceptualization and methodological design, fabri-
cated the prototypes, assisted with data curation, and provided supervisory
guidance throughout the project. H.D.T. contributed to the methodological
framework, took part in the measurement activities, and secured the funding
that supported this work. All authors collaborated in writing and refining the
manuscript.

5.2 Paper B
Morteza Ghaderi Aram, Hadi Aliakbarian, Hana Dobšíček Trefná
A Phased Array Applicator based on Open Ridged-Waveguide Antenna
for Microwave Hyperthermia
Published in Microwave and Optical Technology Letters,
vol. 63, no. 12, pp. 3086-3091, Sep. 2021.
© Wiley. DOI: 10.1002/mop.33039.

Paper B is a short communication to demonstrate the feasibility of focus-
ing energy into deep-seated tumors via an elliptical phased array applicator
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consisting of 16 ORWG antennas. The focus of Paper B is not on the antenna
itself but rather on the antenna’s function as an element within the phased ar-
ray applicator, mutual coupling of the adjacent elements, and beamforming for
an efficient power deposition. A hybrid, in-house beamforming method based
on time reversal (TR) and particle swarm optimization (PSO) to avoid getting
trapped in local minima and to have a faster convergence is also introduced.
The power deposition capability of the proposed applicator was investigated
on a realistic H&N patient model with a relatively large tumor in his tongue.
After exporting the power loss densities (PLD) of all 16 antennas simulated in
CST, we performed the hybrid TR-PSO beamforming method in MATLAB
for the treatment planning of the patient model. Thermal simulation of the
scenario was subsequently performed by FEniCS, an open-source FEM-based
computational platform. The effectiveness of the proposed applicator, the
beamforming method, and the ensuing thermal analysis was quantitatively as-
sessed by the calculation of SAR-based and temperature-based quality metrics
such as target coverage 25% (TC25%), T90, T50, and T10. Overall, satisfactory
results of this short letter motivate fabrication of the proposed applicator for
future studies and eventually for clinical trials.

M.G.A. contributed to the conceptual development of the study, designed
the methodology, implemented the software, performed the formal analysis,
carried out the measurements, curated the data, and prepared the visualiza-
tions. H.A. participated in shaping the methodology, handled the fabrication
of the prototypes, and provided supervisory guidance. H.D.T. contributed to
the conceptualization of the work, assisted with the measurements, supervised
the research activities, and secured the funding that supported the study. All
authors were involved in writing and refining the manuscript.

5.3 Paper C
Morteza Ghaderi Aram, Özlem Tuğfe Demir, Tommy Svensson, Emil
Björnson
Holographic MIMO and Near-Field-Compliant Channel Modeling
A Book Chapter in Intelligent Metasurfaces for 6G and Beyond Using
Electromagnetic, Signal, and Information Theory,
Wiley, in press
© The Author version included, with permission from Wiley.
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Book Chapter C surveys holographic MIMO (H-MIMO) from electromag-
netic and communications perspectives, establishing a unified theoretical and
practical foundation for near-field-compliant channel modeling. It reviews the
plane-wave expansion method (PWEM) and spatio-temporal Fourier tech-
niques, develops Floquet/Bloch harmonic expansions for periodic metasur-
faces, and connects these EM tools to holographic design procedures that
translate desired far-field beams into surface phase/current prescriptions. The
chapter contrasts H-MIMO with reconfigurable intelligent surfaces (RIS), em-
phasizing denser sub-wavelength element spacing, stronger mutual coupling,
enlarged virtual apertures, and the resulting need to model radiative near-field
propagation. Practical feeding strategies (spatial illumination vs integrated
surface-wave launchers), fabrication and reconfigurability mechanisms for meta-
surfaces, and implications for channel estimation are discussed. Overall, the
chapter establishes a framework within the Electromagnetic Signal and Infor-
mation Theory (ESIT) initiative to fuse electromagnetics (PWEM, Floquet
theory, Helmholtz/Maxwell formulations) with communication-oriented chan-
nel modeling and estimation, highlighting both the promise of H-MIMO for
energy-efficient spatial processing in 6G and the open challenges (mutual cou-
pling, CSI acquisition, and fundamental limits) that remain to be addressed.

M.G.A. conducted the survey on EM background and Holography, used a
commercial software package for beamforming examples, and prepared the
visualizations of the EM section. Ö.T.D. and E.B. summarized their recent
research activities on near-field-compliant channel modeling and estimation.
T.S. contributed to the conceptualization of the work and secured the funding
that supported the EM part of the study. M.G.A., Ö.T.D., and E.B. were
involved in writing and refining the manuscript.

5.4 Paper D
Morteza Ghaderi Aram, Fitim Maxharraj, Rob Maaskant,
Tommy Svensson
On RIS Macromodeling of a Large Holographic-Inspired Beamforming
Panel
Proceeding of the 20th European Conference on Antennas and Propaga-
tion (EuCAP), 2026,
© IEEE.
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Paper D investigates the Macromodeling (MM) technique for large holo-
graphically designed beamforming panels and evaluates its fidelity and run-
time trade-offs versus full-wave (FW) simulations. An angle-insensitive unit
cell (UC) is taken from the literature and slightly modified to serve as the
building block of a 10 × 14 panel. MM treats each UC under local periodic-
ity as a two-port network (with the S/Z-matrix extracted from one FW UC
run). Having the per-cell reflection coefficients calculated in the framework of
microwave network analysis, the panel’s far-field scattering pattern can then
be predicted via the calculation of the array factor and utilization of the pat-
tern multiplication rule. Comparisons at fc = 3.1 GHz show close agreement
in UC S-curves and magnitude responses, but phase deviations and errors in
sidelobe prediction persist; MM correctly identifies the main beam direction
with a slight angular offset, while missing sidelobe details. Computationally,
MM is far faster than the FW whole-panel simulation. The paper also docu-
ments practical FW solver considerations (such as adaptive mesh refinement
to guarantee convergence and its effect on the predicted patterns). The take-
away is that Macromodeling offers an efficient, EM-compliant surrogate model
for rapid design and initial analysis of large RIS/H-MIMO panels, but care
needs to be taken in interpreting its results for the application areas where
high-accuracy sidelobe predictions are a matter of concern.

M.G.A. contributed to the conceptual development of the study, designed
the methodology, performed the simulations, curated the data, and wrote the
manuscript. R.M. contributed to the conceptualization of the study, partici-
pated in shaping the methodology, and provided supervisory guidance. F.M.
assisted with part of the simulations and presented the results in the confer-
ence venue. T.S. secured the funding that supported this study and supervised
the research activity. All authors reviewed and revised the manuscript.

5.5 Paper E
Morteza Ghaderi Aram, Tommy Svensson, Fitim Maxharraj,
Rob Maaskant
DDM-Based Accurate and Efficient RIS Modeling for Over-the-Air Mu-
tual Coupling Analysis and Comparison vs Macromodeling
Invited Paper to a Special Section of the IEEE Open Journal of Anten-
nas and Propagation, 2026, © IEEE.
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Chapter 5 Summary of included papers

Paper E introduces a hybrid domain-decomposition method (H-DDM) tai-
lored for accurate and efficient modeling of open-cavity-based RIS panels and
compares it against Macromodeling (MM), element-in-array-pattern (EIAP),
and CST full wave reference simulations. The method decomposes each
meta-atom into interior and exterior subproblems, enforces field continuity
via MFIE/EFIE formulations, and assembles a generalized admittance sys-
tem; interior admittances are obtained from CST plane-wave characteriza-
tions and interfaced with the MoM-based exterior solver (CST-MoM-DDM
hybridization). The paper applies H-DDM to Varactor-tunable, open-cavity
unit cells and to beamformed panels of sizes 4 × 4, 4 × 8, and 4 × 16 de-
signed to reflect a normal incident plane wave to +30◦. Numerical results
show H-DDM closely matches CST full-wave IE solver solutions, while MM
and single-element EIAP correctly predict main beam direction but increas-
ingly deviate in predicting the sidelobe regions: EIAP errors stem from ne-
glecting over-the-air coupling, MM errors from the local-periodicity/PBC and
pattern-multiplication assumptions. Practical solver issues are documented,
and a quantitative error metric confirms H-DDM’s superior fidelity. The pa-
per concludes that H-DDM offers a computationally efficient, high-fidelity tool
for RIS analysis of this open-cavity-based family, with future work aimed at
further reducing memory/runtime via translational symmetry and low-rank
acceleration techniques.

M.G.A. contributed to the conceptual development of the study, partici-
pated in shaping the methodology, performed the simulations, extended the
comparative study to include other methods from the literature, curated the
data, and wrote the manuscript. R.M. conceptualized the study, designed the
methodology, participated in simulation setups, assisted in manuscript writ-
ing, and supervised the study. F.M. participated in shaping the methodology
and assisted with the simulations and manuscript writing. T.S. secured the
funding that supported this study and provided supervisory guidance. All
authors reviewed and revised the manuscript.
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CHAPTER 6

Concluding Remarks and Future Work

Electromagnetic phenomena and the behavior of EM waves as they propagate
and interact with biological and engineered materials continue to inspire scien-
tific inquiry, offering far-reaching opportunities across disciplines ranging from
life sciences to modern telecommunications. Within this broad landscape,
the present thesis has explored advanced EM modeling along two application
tracks: Bio-Electromagnetics (BioEM) and surface Electromagnetics (SEM).

The BioEM part examined several aspects of microwave hyperthermia,
spanning from antenna and applicator design to full treatment-planning work-
flows. A new antenna model was introduced and its performance evaluations
demonstrated strong potential for use in both phased-array and superficial HT
applicators, although its MR compatibility remains an open topic for future
investigation. Building on this design, a 16-element elliptical phased-array
applicator was proposed and assessed using two realistic head-and-neck pa-
tient models. The antenna characteristics and treatment quality metrics were
consistently promising, motivating further refinement and eventual clinical
translation of the applicator.

The SEM part reviewed state-of-the-art RIS modeling techniques and com-
pared several beamforming approaches commonly used in the communica-
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tion society. A unit-cell design from the literature was selected and re-
fined into an open-cavity configuration to serve as the building block for
the beamforming panels considered in this work. To address the need for
accurate yet computationally efficient EM modeling, a hybrid domain de-
composition method (H-DDM) was developed for analyzing over-the-air mu-
tual coupling in this specific class of panels. In the absence of measurement
data, full-wave simulations from a commercial solver were used as the refer-
ence. H-DDM predictions showed close agreement with these full-wave results
and demonstrated superior accuracy compared to surrogate models from the
literature, not only in identifying the main beam direction but also in cor-
rectly locating sidelobes. Overall, the in-house developed platform shows
strong potential for future development. It can be further optimized for speed
and memory efficiency by incorporating translational symmetry, accelerated
matrix-compression techniques, and other numerical enhancements. Such im-
provements would open the door to the systematic design and synthesis of
very large, massive-MIMO-scale beamforming panels within this open-cavity
family, paving the way for next-generation holographic and RIS-based archi-
tectures.
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