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Abstract

Reconfigurable intelligent surfaces (RISs) have emerged as one of the most significant
innovations in wireless communications, offering a novel approach to meeting the escalat-
ing demand for higher data rates, seamless coverage, and energy-efficient connectivity in
next-generation networks. Unlike conventional wireless systems that rely on active and
power-hungry components, RIS leverages nearly passive reflecting elements arranged in a
planar array, whose electromagnetic responses can be dynamically reconfigured. By en-
abling programmable control over the incident wavefront, RIS introduces a new paradigm
in which the wireless environment itself becomes a controllable entity. This capability not
only enhances system performance but also reduces overall power consumption and hard-
ware complexity, positioning RIS as a key enabler for sixth-generation (6G) and beyond

communication technologies.

This thesis provides a comprehensive investigation into the principles, design method-
ologies, and system-level benefits of RIS technology. The research begins with an in-depth
review of the current state of the art, highlighting both theoretical foundations and prac-
tical implementations of RIS. Building on this foundation, the work develops novel design
strategies for reconfigurable unit cells intended for RIS applications. Several geometries are
explored with the goal of achieving tunable reflection phase profiles, wide operational band-
width, and multi-polarization capability. The designs integrate semiconductor switches
and micro-electromechanical systems (MEMS) actuators, demonstrating the feasibility of

programmable reconfigurability while addressing practical fabrication challenges .

To validate the proposed concepts, the designed unit cells are extended into array
structures, where their performance is evaluated through both simulation and experimental

testing. A practical prototype of a 1-bit reflectarray is fabricated and tested in an anechoic



antenna chamber. The prototype demonstrates the key required functionalities, including
beam steering, wideband operation, and dual-polarization control. These results confirm
the potential of RIS to dynamically manipulate electromagnetic propagation in real-world
scenarios. Furthermore, the thesis addresses critical implementation issues related to the
scalability of RIS, the integration of control circuitry, and the trade-offs between design

complexity and achievable performance.

The findings presented in this research underscore the innovative role of RIS in re-
shaping the architecture of wireless communication systems. By turning the propagation
environment into an intelligent and programmable medium, RIS has the potential to sig-
nificantly improve spectral efficiency, energy utilization, and overall network adaptability.
The contributions of this thesis extend the understanding of RIS operation, provide novel
unit cell structures, and deliver practical insights for prototyping and implementation. In
doing so, this work not only advances academic knowledge in the field but also offers prac-
tical guidelines for industrial adoption of RIS in future wireless systems. Ultimately, this
research highlights the promise of RIS as a cornerstone technology for realizing the vision

of 6G and beyond.
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Chapter 1

Introduction

1.1 Motivation

Mobile networks have progressed substantially from the rst generation (1G) to the fourth
generation (4G), with each generation introducing key innovations to meet growing de-
mands for higher data rates, improved reliability, and wider connectivity [1]. 1G, intro-
duced in the early 1980s, supported basic analog voice communication but was limited in
quality, capacity, and security. The 1990s saw the arrival of 2G, which transitioned to
digital communication, o ering enhanced voice quality, encrypted transmissions, and ser-
vices like SMS and MMS. 3G introduced packet-switched data, enabling mobile internet,
video calling, and multimedia messaging, with data rates reaching several Mbps|laying
the groundwork for broadband mobility. The emergence of 4G marked a major leap with
its all-1P architecture, delivering signi cantly higher data rates (up to 100 Mbps on mobile
and 1 Gbps for stationary users), lower latency, and support for HD video streaming, VoIP,

and other high-bandwidth applications, thereby enabling seamless and high-performance



mobile experiences [2].

With the exponential rise of connected devices, real-time applications, and the need
for ubiquitous connectivity, 5G was developed to address the limitations of previous gen-
erations. It o ers three key performance categories: enhanced mobile broadband (eMBB),
ultra-reliable low-latency communication (URLLC), and massive machine-type communi-
cations (mMTC) [3]. 5G supports peak data rates up to 10 Gbps, end-to-end latencies
under 1 ms, and the ability to connect over a million devices per square kilometer. Fea-
tures such as network slicing, beamforming, and edge computing integration further enable
applications in autonomous vehicles, industrial automation, remote healthcare, and smart
cities, representing a paradigm shift toward highly exible, intelligent, and service-oriented

mobile networks [4].

The next generation of wireless networks, 6G, is envisioned as an innovative leap to-
ward intelligent, ubiquitous connectivity driven by arti cial intelligence (Al). Unlike pre-
vious generations, 6G will adopt an Al-native architecture, embedding machine learning
and distributed intelligence throughout all network layers to enable real-time adaptation,
dynamic optimization, and autonomous management [5]. This built-in intelligence will be
essential to support emerging applications such as holographic communication, real-time
digital twins, and ultra-reliable low-latency services. Use cases like augmented reality,
telepresence, remote healthcare, and autonomous systems will impose extreme require-
ments in terms of latency (sub-millisecond), reliability (up to 99.99999%), and data rates
(exceeding 1 Thps) [6]. Meeting these demands requires integrating disruptive technolo-
gies such as terahertz and visible light communication, full-duplex radios, and 3D network

topologies.

To ensure seamless connectivity, 6G will shift from cell-based structures to user-centric,

cell-less designs that allow uid transitions across heterogeneous networks. By merging

2



Figure 1.1: The evolution of cellular networks toward 6G [6].

communication, sensing, and edge intelligence into a uni ed framework, 6G aims to func-
tion as a proactive, context-aware platform|e ectively serving as the digital nervous sys-

tem of a hyper-connected and intelligent society [7].

Among the promising technologies being considered for 6G networks [8], recon gurable
intelligent surfaces (RISS) represent a paradigm shift in wireless communication by en-
abling the control and customization of the radio environment itself [9]. Unlike conven-
tional relays or massive MIMO, RIS structures consist of large arrays of low-cost, nearly
passive re ective (or transmissive) elements|typically implemented as metasurfaces|that
can independently adjust the phase, amplitude, and polarization of incident electromag-
netic waves, thereby dynamically shaping the wireless propagation channel. RISs can
be mounted on building facades, indoor walls, or ceilings to create a programmable and
adaptive wireless environment [10]. Critically, because they do not require active radio-
frequency (RF) chains or sophisticated feeding networks, they o er ultra-low power con-

sumption, minimal hardware complexity, and ease of deploymentjmaking them ideal for



energy-constrained scenarios such as 10T, edge devices, and green 6G networks [11], as

demonstrated in Figure 1.2.

Figure 1.2: RIS application in the next generation of wireless system. [11].

RIS is particularly promising in addressing key 6G performance targets such as high
spectral e ciency, ultra-reliable low-latency communication (URLLC), and energy e -
ciency. In dense urban or high-frequency (e.g., mmWave or THz) networks where signal
blockage is a signi cant challenge, RISs can intelligently re ect and redirect signals to
extend coverage and maintain line-of-sight conditions [12]. Advanced control algorithms,
potentially aided by Al, can be used to optimize the RIS re ection parameters in real time
for beamforming, interference suppression, or even secure communication through spatial
signal manipulation. However, deploying RIS at scale presents challenges, including accu-
rate channel estimation, e cient control signaling, hardware impairments, and scalability
in dynamic environments. Despite these challenges, RIS is increasingly viewed not just as
a communication enhancer but as a critical enabler of smart radio environments, where

the propagation medium becomes an active participant in end-to-end system optimiza-



tion|marking a fundamental departure from traditional wireless design philosophy [13].

1.2 Objectives

This research targets recon gurable intelligent surfaces (RISs) for next-generation wireless
systems|especially non-line-of-sight (NLOS) scenarios that require agile beam steering
and focusing. The overall goal is to propose, implement, and validate RIS building blocks
and arrays that address key features such as beam scanning, wide bandwidth, and polar-
ization diversity. Beam scanning is the fundamental characteristic of any RIS, enabling
dynamic redirection of energy toward desired users or regions. In addition, wide opera-
tional bandwidth is essential for supporting high data rates, accommodating broadband
waveforms, and maintaining stable performance over a wide frequency range, while dual-
polarization capability (polarization diversity) increases achievable data throughput by
exploiting multiple polarization channels and ensures that the RIS can e ectively handle
arbitrarily polarized incoming waves. These capabilities are therefore of particular interest
in practical RIS design for future wireless communication systems. The speci c objectives

are:

Propose novel unit cell structures that address core RIS challenges. Re ective
and transmissive unit cells will be developed with electromagnetic responses tailored to
enable recon gurability, with emphasis placed on wideband operation, dual-polarization

control, low insertion loss, compact footprint, and precise phase resolution.

Realize recon guration using semiconductor switches and MEMS actuators.

Recon guration will be implemented by integrating semiconductor switches (e.g., PIN



diodes) and MEMS actuators into the unit cells, with bias networks co-designed to

provide reliable and simple control.

Design and synthesize arrays using the proposed unit cells. Recon gurable

re ectarrays and transmitarrays (RRA/RTA) will be realized using the proposed unit
cells for beam steering, anomalous re ection, and coverage enhancement, and array-
level issues|including mutual coupling, e ciency, and manufacturing tolerances|will

be addressed.

Validate through simulation, prototyping, and measurement. Validation will be
carried out through full-wave simulations, prototype fabrication, and anechoic-chamber
measurements of patterns, gain, e ciency, bandwidth, polarization purity, and scanning

performance.

1.3 Thesis Outline

In Chapter 1, the motivation, problem de nition, objectives, and overall structure of the
thesis were presented. The literature review is explored in Chapter 2, focusing on recon-
gurable antennas and recon gurable intelligent surfaces (RISs), with recent approaches
classi ed and open challenges highlighted. In Chapter 3, a general RIS design methodology
for beam steering and anomalous re ection applications is developed, and practical design
rules and trade-o s are formalized. In Chapter 4, unit cell structures using semiconductor
switches for recon gurable re ectarrays and transmitarrays are proposed. The proposed
structures address main challenges in recon gurable array design which are bandwidth and
ability to handle di erent polarization. A fabricated re ectarray using the proposed cell is

demonstrated with measured validation to verify its functionality. Chapter 5 investigates



using MEMS actuator in unit cell design to achieve recon gurability, veri ed by fabrication
and measurements. Furthermore, recon gurability and performance of the proposed unit
cell was tested in an array-level simulation. In Chapter 6, key ndings and limitations are
summarized, and future directions such as unit cell design with higher phase states (2-bit)

are outlined.



Chapter 2

Literature Review

2.1 Introduction

The next generation of wireless networks (6G) must meet ambitious targets for capacity,
latency, reliability, and, critically, energy e ciency. Traditional solutions, such as ultra-
dense base station deployment or massive MIMO, improve spectral e ciency but result
in higher infrastructure costs and energy consumption. These designs treat the wireless
propagation medium as an uncontrollable and often hostile part of the system, subject
to multi-path fading, path loss, and interference. However, as pointed out in [14], this
approach becomes increasingly ine cient and unsustainable in high-frequency bands (e.g.,

mmWave or THz), where propagation is easily blocked and unpredictable.

This realization has driven research into recon gurable intelligent surfaces (RISs), a
technology that enables programmable control over the wireless environment itself. An RIS
comprises a large number of low-cost, nearly passive re ecting elements (e.g., metasurfaces)

that can manipulate incident electromagnetic waves by adjusting their amplitude, phase, or

8



polarization. This capability allows RISs to dynamically reshape the propagation channel
in favor of the communication objectives, o ering a fundamental shift from traditional

channel modeling to channel recon guration [11], [14].

The simplicity and ultra-low power consumption of RISs hardware make them particu-
larly suitable for green wireless systems. Unlike amplify-and-forward (AF) relays, RIS units
do not require RF chains or signal regeneration, signi cantly reducing energy costs while
0 ering comparable gains in performance under optimal con gurations [3]. As such, RIS-
based architectures have been shown to achieve better energy e ciency than traditional

relay-assisted architectures in both theoretical and simulation-based studies [9].

RIS also paves the way toward Smart Radio Environments (SRES), in which the prop-
agation medium is transformed into a controllable and intelligent system component, as
depicted in Figure 2.1. Instead of compensating for the randomness of the environment,
RISs enable systems to exploit and even engineer it. This conceptual shift is supported
by promising theoretical results and is envisioned to play a central role in meeting 6G's

performance goals [14].

2.2 Recon gurable Intelligent Surfaces

2.2.1 Engineered surfaces and the generalized law of re ection

and refraction

In classical electromagnetic, wave interactions with material boundaries are governed by
Snell's law, which dictates the angles of re ection and refraction solely based on the incident

wave's angle and the refractive indices of the media. This framework assumes that the



Figure 2.1: Application of RIS in a smart radio environment. [14].

surface boundary is smooth and passive, resulting in specular re ection and conventional
refraction paths. However, such an assumption places inherent limits on wave control,
particularly in complex wireless environments where obstacles, interference, and signal

degradation are prevalent.

To transcend these constraints, researchers have explored engineered surfaces capable
of reshaping the wavefront of incident electromagnetic (EM) waves. A key breakthrough
in this area was the introduction of phase discontinuities at the surface level, which led
to the development of the generalized laws of re ection and refraction. As demonstrated
in [15], when a discontinuity induces abrupt phase changes along a surface, the direction
of re ected and refracted waves deviates from classical predictions. The modi ed laws are

expressed as:

0 d_

sin( y)ny  sin( j)n; = > dx

10



sin( ;) sin( ;)= 2n.dx
Whereg—X denotes the spatial phase gradient imposed by the surface, amdand n, are the
refractive indices of the two media. This formulation allows for anomalous re ection and
refraction, where waves can be directed in arbitrary directions regardless of the incident
angle|paving the way for highly adaptable electromagnetic responses. A more general
derivation was reported in [16] for a two-dimensional phase variation over a re ectarray

surface.

To realize these engineered phase gradients, periodic surface structures are commonly
employed. These are constructed from repeated electromagnetic inclusions|often metallic
or dielectric scatterersjarranged on a planar substrate. The behavior of such structures
depends heavily on the spatial periodl relative to the wavelength o, and the electro-
magnetic nature (resonant or non-resonant) of the unit cells. According to [17], periodic
structures can be grouped into four broad categories, as illustrated in Figure 2.2. These

categories are:

N

Electrically dense non-resonant sheets:  These haved 0, are highly homog-
enizable, and behave like continuous impedance sheets. Examples include metallic

Ims and dense wire grids used as re ectors or absorbers.

" Frequency selective surfaces (FSS): With intermediate periodicity ( (=2 d<
0), FSSs exhibit resonance due to inductive and capacitive interactions in their

geometry. They are used in Itering, re ectarrays, and antenna applications.

" Sub-wavelength resonant arrays: These structures feature very small elements
(d 0=10), such as mushroom-type high-impedance surfaces. They resonate due to

strong capacitive coupling and o er localized phase manipulation.

11



Figure 2.2: Classi cation of periodic planar structures [17].

" Diraction gratings: Designed ford o0, these structures intentionally exploit

di raction and are widely used in optics and beam-steering devices.

Metasurfaces are an advanced form of engineered periodic structures that typically
fall within the rst and third categories. De ned as electrically thin surfaces composed of
sub-wavelength scatterers ((=30<d < (=2), they enable ne-grained control over ampli-
tude, phase, and polarization. Unlike traditional FSSs or di raction gratings, metasurfaces
can introduce complex, spatially varying responses across the surface to manipulate the

wavefront with high precision.

2.2.2 Metasurfaces: De nition and Applications

Metasurfaces are the two-dimensional analogues of metamaterials, arti cially structured
planar materials composed of sub-wavelength scatterers that are engineered to manipulate

electromagnetic (EM) waves in unprecedented ways. Unlike conventional materials, meta-
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surfaces o er the ability to control the amplitude, phase, and polarization of EM waves
at sub-wavelength resolution and within a thin layer|typically much thinner than the

wavelength of operation [18].

Due to their compact form factor and high degree of tunability, metasurfaces have
emerged as powerful tools in a wide range of applications. These include at lenses, beam-
steering devices, absorbers, polarizers, holographic plates, and wavefront shaping devices
[19]. Recent advances have also enabled metasurfaces for dynamic applications such as
tunable and nonlinear optics, THz modulation, and surface-wave control, making them

essential components in modern optical and RF systems [20].

It should be noted that the de nition of metasurfaces has been extended to include
nonuniform surfaces. In these structures, the distances between adjacent inclusions and
their sizes remain sub-wavelength, while the overall periodicity exceeds the half-wavelength.
As a result, such surfaces may not be homogenizable, and their response must be analyzed
using Bloch{Floquet theory through spatial harmonic expansion. These con gurations
are often referred to as metasurface-based gratings, drawing an analogy to conventional

di raction gratings [17].

2.2.3 From Metasurfaces to Recon gurable Intelligent Surfaces

Traditional metasurfaces and re ective surfaces are composed of unit cells, which are pe-
riodic structures engineered to manipulate electromagnetic (EM) waves in speci ¢ ways.
However, these structures are typically static and optimized for a single, xed function de-
termined at the time of fabrication. This limitation restricts their adaptability in dynamic

environments or in multifunctional applications.

To overcome this limitation, researchers began incorporating tunable components, such
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as varactor diodes, into metasurface architectures, enabling dynamic recon guration of the
local electromagnetic response. By applying external control signals, the phase, amplitude,
or polarization of each unit cell can be modi ed, allowing the surface to perform multiple
functions without requiring physical redesign [21], [22]. The introduction of digital pro-
grammable surfaces in [23] and [24] marked a signi cant advancement in this area, o ering

a simpler and more scalable approach for realizing recon gurable functionalities.

These evolutions led to the emergence oécon gurable intelligent surfaces(RISS),
which generalize the concept of metasurfaces by combining EM wave manipulation with
embedded electronic control and software-de ned functionality. RISs are envisioned as in-
telligent, programmable entities that can adapt to their environment and cooperate with

wireless transceivers to improve signal coverage, directivity, and spectral e ciency [25].

2.2.4 Functionalities of RIS: Beyond Passive Re ection

RIS architectures can be broadly categorized into two types [26]:

" Guided-wave structures: These incorporate an integrated feed or source that
excites the meta-atoms within the surface. By designing each element to achieve
a desired surface impedance or phase shift, the RIS can radiate energy into space
with speci ¢ beam patterns. Examples include leaky-wave antennas and holographic

antennas.

Re ective/refractive structures: In this con guration, the RIS is illuminated

by an external wave, either a plane wave or a spherical wave, depending on the
distance between the source and the surface. Each element on the RIS imposes a
programmable re ection or transmission phase shift, enabling dynamic beam steering,

beam shaping, or focusing without any embedded RF chains.
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Re ective/refractive RIS structures can be used for dierent functions. Figure 2.3

outlines some functionalities of these structures in wireless communication systems [14]:

Figure 2.3: Di erent functionalities of re ective/refractive structures [14].

" Re ection: RIS can redirect incident waves toward arbitrary directions by impos-
ing a desired phase-shift pro le, enabling both specular and anomalous re ection

behaviors.

Refraction:  Similar to re ection, RIS can tailor transmitted wave directions by
engineering a spatial phase gradient, e ectively generalizing Snell's law for trans-
mission. Transmitarrays are practical implementations of this functionality, o ering

transmission control along with beam steering.

Absorption:  Through impedance matching and surface-loss engineering, RIS can
absorb incoming EM waves, minimizing re ected or transmitted energy, which is

useful for stealth and energy-harvesting applications.
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Focusing: By applying a phase distribution across the surface, RIS can converge
plane waves to a focal point. Re ectarray antennas serve as classical examples of this

application in re ective con gurations.

Polarization Control: RIS structures composed of anisotropic meta-atoms can
transform the polarization of EM waves, enabling dynamic polarization conversion

and control.

Splitting: RIS can split an incident wave into multiple beams with distinct direc-

tions, frequencies, or polarizations, enabling multi-user or multi-function operations.

Analog Processing: RIS can perform analog computation directly in the EM do-
main, such as convolution or correlation, by engineering the spatial structure to

emulate mathematical operations.

Collimation: By appropriately adjusting the surface phase pro le, RISs can trans-
form diverging spherical waves into parallel plane waves, enhancing beam focusing.
Re ectarrays also exemplify this functionality, especially when used to convert spher-

ical wavefront into directive beams.

Among the above-mentioned applications, anomalous re ection (refraction) and beam-

forming (focusing and collimation) are of most interest in the new generation of wireless

systems, as demonstrated in Figure 2.4. When the RIS is designed for anomalous re ection,

an incident plane wave is redirected to the user in the far eld, according to the generalized

law of re ection. In the beamforming application, the incident wave is focused to a point,

usually referred to as the focal point, following the theory of re ectarrays [27], [11]. In

what follows, some of the reported work addressing these applications will be discussed.
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(@) (b)

Figure 2.4: Two key functions of RIS. (a) Anomalous re ection (b) Beamforming [11].

2.3 Recent Advancements in RIS Design

2.3.1 Beamforming applications

Recon gurable antenna arrays oer a promising solution for achieving versatility and

adaptability in current and next-generation communication systems [28]. Beamforming
is one of the key functionalities of recon gurable intelligent surfaces (RISs) and mainly
includes focusing and collimation. In focusing applications, an RIS transforms an incom-
ing plane wave into a converging wavefront that concentrates energy at a speci c point,
similar to how a parabolic re ector focuses incoming plane waves onto its focal point. In
collimation applications, an RIS converts a diverging spherical wave, typically radiated by

a feed source, into a nearly planar wavefront, thereby producing a highly directive beam
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and improving coverage in a desired direction.

With advancements in PCB technology, re ectarrays have emerged as a practical alter-
native, o ering bene ts such as low cost and ease of fabrication [29]. However, traditional
re ectarrays are typically designed for xed-beam applications. Recently, recon gurable re-
ectarrays and transmitarrays have been developed, enabling dynamic and programmable

radiation patterns and thereby enhancing the exibility of wireless systems.

The fundamental component of any re ect/transmit array design is the unit cell. In
conventional designs, each unit cell is assigned a specic re ection phase, enabling the
array's radiation beam to be directed at a certain angle. To achieve recon gurability,
the re ection phase of each unit cell must be adjustable, which can be accomplished by
integrating it with tunable materials or elements. Various methods have been considered,
such as using liquid crystal [30], [31], varactor diodes [32], PIN diodes [33], [34], and
MEMS switches and actuators [35], [36]. The choice of method largely depends on the

target application, as each has its own advantages and drawbacks [37].

In [38], varactor diodes were integrated with patch-type unit cells to achieve recon g-
urability by changing the resonance frequency (Figure 2.5). The fabricated re ectarray
shows a maximum gain of 12.5 dBi with a 3-dB gain bandwidth of about 200 MHz at 5.5
GHz (3.6%) for all scanned angles. Designing the bias network is often the most challenging
aspect of implementing recon gurable structures, especially in large arrays. To mitigate
this complexity, many systems employ discrete re ection phase states, achieved using RF
switches such as PIN diodes and MEMS switches, instead of continuously tunable phase
control. While this approach may lead to some degradation in radiation performance,
including reduced array e ciency and increased sidelobe levels (SLL), it signi cantly sim-

pli es the biasing network design [39], [40].
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Figure 2.5: The proposed unit cell using a varactor diode in [38].

Several research studies have investigated recon gurable re ectarrays (RRAs) employ-
ing discrete re ection phase states at the unit-cell level. In [41], a 12 12 RRA was
fabricated using 1-bit unit cells (two phase states), each consisting of a slotted patch in-
tegrated with a PIN diode. The fabricated array demonstrated a maximum gain of 19.2
dBi at 5 GHz, with a 1-dB gain bandwidth of 8% and a radiation e ciency of 15.5%. Itis
also capable of beam scanning up to 60The authors in [42] proposed a wideband RRA
by employing a multilayer stacked structure forming a double-resonance behavior. The
16 16 fabricated RRA shows a gain of 21.6 dBi, with a 22.5% 1-dB gain bandwidth and
25% aperture e ciency (Figure 2.6-(a)). MEMS switches have been used in some proposed
structures [43], [44]. In [44], a four-leg unit-cell structure was loaded with ohmic MEMS
switches, enabling re ection phase variation by switching them ON or OFF. The proposed
design supports bothx- and y-polarizations, which is a valuable feature for certain ap-
plications. However, the concept was not experimentally validated in a fabricated array
(Figure 2.6-(b)).
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